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ABSTRACT 


The  purpose  of  this  thesis  was  to  discuss  the  procedures  that 
should  be  adopted  in  developing  the  single-breath,  breath-holding 
technique  for  the  investigation  of  the  pulmonary  diffusing  capacity  of 
the  lung  for  carbon  monoxide  and  the  pulmonary  capillary  blood  flow. 

In  order  to  present  a  complete  experimental  design  for  this 
technique  the  development  of  the  necessary  apparatus  was  discussed 
and  full  plans  made  available  so  that  the  system  may  be  readily 
duplicated. 

Gas  chromatography  theory  was  discussed  and  related  to  the 
development  of  a  satisfactory  system  for  the  analysis  of  the  normal 
respiratory  gases  and  the  special  gases  introduced  into  the  inspired 
mixtures  for  the  investigation  of  the  above  parameters  of  pulmonary 
function. 

A  computer  programme  was  developed  to  facilitate  the  rapid 
analysis  of  data  and  presented  in  a  manner  that  is  applicable  to  most 
of  the  computer  systems  in  operation  at  this  time.  The  programme, 
written  in  Fortran  IV,  enables  the  computation  of  up  to  seven  trials 
for  each  subject  and  was  specifically  designed  to  be  used  in  conjunction 
with  the  single-breath,  breath-holding  technique  used  for  pulmonary 


function  analysis. 
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CHAPTER  I 


STATEMENT  OF  THE  PROBLEM 

In  the  search  for  more  effective  ways  to  measure  the  parameters 
of  fitness  and  the  effects  of  training,  physical  education  research  is 
branching  out  into  areas  that  have  previously  been  associated  with  the 
field  of  medicine.  The  development  of  sophisticated  apparatus  and 
techniques  has  made  it  possible  to  investigate  some  of  the  determinants 
of  fitness  that  previously  had  to  be  studied  under  operating  room 
conditions  or  under  close  medical  supervision. 

One  particular  parameter  that  is  of  considerable  interest  is 
cardiac  output,  and  measurements  of  this  component  of  heart  function 
has  been  restricted  to  the  Direct  Fick  Technique  involving  catheteri¬ 
zation  (7,14,35),  and  the  relatively  inaccurate  Foreign  Gas  Techniques 
(11,21). 

Although  the  Foreign  Gas  methods  have  been  modified  to  gain 
greater  accuracy,  the  technique  that  seems  to  have  the  greatest  future 
in  the  application  to  research  problems  of  physical  education,  appears 
to  be  the  single-breath,  breath-holding  technique  for  the  study  of  the 
diffusing  capacity  of  the  lung  for  carbon  monoxide  and  the  determina¬ 
tion  of  the  pulmonary  capillary  blood  flow  (4, 9, 10, 24,31) .  The  latter 
application,  using  acetylene  in  the  inspired  gases,  provides  a  result 
that  may  be  regarded  as  being  equivalent  to  cardiac  output. 

A  necessary  prerequisite  for  the  use  of  this  technique  is  a 
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satisfactory  method  of  gas  analysis,  and  it  is  the  gas  chromatograph 
that  has  come  to  be  associated  with  the  procedure. 

Oncd  the  technique  has  been  established  and  the  efficiency  and 
accuracy  of  the  chromatograph  has  been  determined,  the  researcher  is 
faced  with  the  problem  of  dealing  with  the  complex  formulae  for  the 
treatment  of  the  data,  and  considerable  time  is  required  for  these 
mathematical  operations.  As  the  time  could  be  spent  more  profitably 
on  additional  experimentation,  an  equally  important  research  tool  that 
should  be  incorporated  into  this  procedure,  is  a  computer  programme 
written  to  fit  the  research  design. 

In  this  study,  the  problems  encountered  in  the  construction  of 
the  apparatus  for  use  with  the  single-breath  technique,  as  well  as  the 
procedures  involved  in  the  application  of  gas  chromatography  to  the 
analysis  of  respiratory  gases,  and  the  development  of  an  appropriate 
computer  programme,  will  all  be  discussed.  In  this  manner,  it  is 
hoped  to  provide  a  complete  experimental  design  that  will  be  available 
for  the  researcher  in  the  area  of  physiology  of  exercise. 

The  Problem 

The  purpose  of  this  thesis  then,  is  to  discuss  the  procedures  that 
should  be  adopted  in  developing  the  single-breath,  breath-holding, 
technique  for  the  determination  of  the  diffusing  capacity  of  the  lung 
for  carbon  monoxide,  and  pulmonary  capillary  blood  flow.  Component 
parts  of  this  problem  include: 

1.  the  development  of  the  Required  apparatus, 

2.  the  choice  of  an  appropriate  gas  chromatograph,  the  selection 
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of  appropriate  columns  to  be  used  for  the  separation  of  the  gas  mixtures 
into  measurable  components,  and  the  determination  of  the  efficiency  of 
the  instrument,  and 

3.  the  development  of  a  computer  programme  to  facilitate  the 
rapid  analysis  of  data,  and  which  would  be  sufficiently  flexible  to  allow 
application  to  different  computers  and  different  research  designs. 

Sub-Problems 

In  order  to  understand  the  reasons  behind  the  selection  of  parti¬ 
cular  components  of  a  gas  chromatograph  system,  and  to  assist  in  the 
selection  of  appropriate  materials  to  be  used  for  separation  of  the 
gas  mixtures  into  their  component  parts,  it  is  important  that  gas 
chromatograph  theory  be  discussed. 

An  understanding  of  the  experimental  procedures  that  should  be 
used  in  the  determination  of  the  diffusing  capacity  of  the  lung  for 
carbon  monoxide  and  the  pulmonary  capillary  blood  flow  is  required, 
and  for  this  reason,  both  will  be  developed.  This  information  is 
included,  not  only  to  assist  in  the  application  of  these  procedures 
to  physical  education  research,  but  also  to  clarify  the  discussion  of 
the  development  of  the  apparatus  and  the  problems  that  are  involved. 

Limitations  of  the  Study 

A  large  body  of  literature  exists  in  support  of  the  theories 
of  gas  chromatography  and  pulmonary  diffusion,  and  although  both  areas 
will  be  treated  in  this  study,  the  discussion  will  be  limited  primarily 
to  areais  of  relevance  to  respiratory  gas  analysis  and  to  the  two  pulmonary 
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measurements  of  interest,. 

The  discussion  will  be  limited  with  respect  to  the  fact  that  only 
one  type  of  gas  chromatograph  was  available  for  use  in  the  development 
of  the  techniques  under  discussion,.  The  principles  of  respiratory  gas 
analysis  by  gas  chromatography  are,  however,  relatively  basic  and  it 
may  be  expected  that  the  procedures  recommended  are  applicable,  regard¬ 
less  of  the  make  or  model  of  chromatograph  used. 

Delimitations  of  the  St udv 

The  computer  programme  has  been  developed  primarily  for  use 
with  an  IBM  7040  computer,  and  the  language  used  is  Fortran  IV  (1,27). 
Throughout  the  development  of  the  programme,  care  has  been  taken  to 
ensure  that  it  can  be  used,  with  minor  modifications,  on  any  other 
computing  system.  There  are,  however,  different  procedures  followed  at 
various  centres,  particularly  with  regard  to  the  Monitor  System  Cards, 
and  the  application  of  the  programme  to  local  conditions  should  be 
decided  in  consultation  with  the  computer  programmers. 

The  Importance  of  the  Study 

With  the  development  of  sophisticated  instrumentation  and  complex 
experimental  techniques  for  the  measurement  of  parameters  important  to 
the  assessment  of  fitness,  it  is  essential  that  important  advances  are 
discussed  and  presented  so  that  they  may  be  applied  as  widely  as  possible 
throughout  the  field. 

The  single-breath,  breath-holding  technique  is  of  particular 
importance  as  it  allows  the  measurement  of  important  parameters  of  cardiac 
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and  pulmonary  function.,  The  measurement  of  the  diffusing  capacity  of 
the  lung  for  carbon  monoxide  permits  a  quantitative  assessment  to  be 
made  of  the  efficiency  of  gas  diffusion  from  the  alveoli  of  the  lung 
across  the  membrane  and  into  the  blood  stream,  and  permits  investigation 
of  the  possible  effects  of  training  and  conditioning  upon  the  diffusing 
capacity.,  Measurement  of  the  pulmonary  capillary  blood  flow  gives  a 
close  approximation  of  the  cardiac  output,  and  if  the  heart  rate  is 
determined  simultaneously,  stroke  volume  can  also  be  determined.. 

The  particular  advantage  of  the  technique  is  that  measurements 
of  these  important  parameters  of  pulmonary  and  cardiac  function  may  be 
made  without  the  close  supervision  of  medical  personnel., 

Definition  of  Terms 

Active  Solid,  a  porous  solid  which  is  capable  of  separating 
the  components  of  a  sample  without  the  addition  of  liquid  coating,,  In 
this  case,  the  action  of  the  column  is  one  of  adsorption  rather  than 
solution. 

Adsorption,  the  process  of  separation  of  a  sample  mixture  into 
its  component  parts  by  means  of  the  adhesion  of  the  gas  molecules  to 
the  surface  of  an  active  solid.  These  molecules  may  be  released  by 
heating. 

Alveolar  Volume  (in  milliliters),  the  volume  of  air  inspired  added 
to  the  residual  volume  of  the  lung..  Alveolar  volume  represents  the 
total  volume  of  air  from  which  diffusion  occurred. 

Alveoli,  the  terminal  air  sacs  of  the  lung  in  which  gas  diffusion 


takes  place. 
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Baseline,  the  portion  of  the  chromatogram  between  peaks  when  no 
gas  sample  is  being  eluted.  The  baseline  must  coincide  with  the  zero 
response  from  the  detector. 

Cardiac  Index  (in  liters/minute/square  meter  of  body  surface 
area),  the  cardiac  output  expressed  per  unit  of  body  surface  area.  It 
is  a  mathematical  correction  for  the  influence  of  varying  body  propor¬ 
tions  upon  the  cardiac  output. 

Cardiac  Output  (in  liters/minute),  the  blood  flow  from  the  left 
ventricle  of  the  heart  into  the  systemic  circulation  per  minute. 

Carrier  Ga_s,  the  mobile  phase  in  gas  chromatography.  The  gas 
that  is  used  to  move  the  sample  through  the  column. 

Chr omatoqram,  a  plot  of  the  detector  response  against  the  time  of 
volume  of  the  carrier  gas.  As  this  plot  is  usually  accomplished  with  a 
recorder,  the  chromatogram  is  usually  in  the  form  of  detector  response 
against  time. 

Chromatography,  an  analytical  method  of  separation  based  on  the 
differences  in  the  partition  coefficients  of  substances  distributed 
between  a  static  phase  and  a  moving  phase. 

Column,  thp  part  of  the  apparatus  that  accomplishes  the  separa¬ 
tion  of  the  sample  components.  It  contains  a  packing  material  which 
consists  of  a  solid  phase,  or  a  liquid  phase  on  a  solid  support. 

Column  Efficiency ,  this  is  usually  referred  to  in  terms  of  the 
number  of  theoretical  plates  because  of  the  similarity  of  a  gas  chro¬ 
matographic  column  to  a  distillation  column.  In  gas  chromatography, 
the  number  of  theoretical  plates  of  a  column  can  be  obtained  from  the 
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chromatogram  by  relating  retention  volume  or  retention  time,  to  the 
width  of  the  peak  as  measured  at  the  baseo 

Detector ,  the  part  of  the  gas  chromatograph  that  measures  a 
change  in  the  composition  of  the  effluent  from  the  columns.  It  measures 
the  amount  of  the  sample  component  in  the  carrier  gas  as  the  carrier 
gas  leaves  the  column  and  enters  the  detector. 

Differential  Detector,  a  detector  that  measures  the  instantaneous 
concentration  of  the  gas  being  eluted  from  the  column. 

Diffusing  Capacity  of  the  Lung  for  Carbon  Monoxide  (in  milli¬ 
liters  of  gas/minute/millimeter  of  mercury),  the  capacity  of  the  pul¬ 
monary  membrane  to  transfer  carbon  monoxide  from  the  alveoli  into  the 
blood  stream. 

Displacement  Analysis,  the  process  of  analysis  of  a  gas  mixture 
that  has  been  introduced  into  a  column,  together  with  a  carrier  gas 
that  is  more  strongly  adsorbed  by  the  solid  phase  than  any  of  the  sample 
components.  Thus,  there  is  a  competition  for  the  static  phase  between 
the  mobile  phase  and  the  component  parts  of  the  mixture.  Consequently, 
the  components  are  displaced  along  the  column  at  different  rates. 

El ut ion  Analysis ,  a  sample  of  a  mixture  to  be  analysed  is  intro¬ 
duced  into  an  inert  carrier  gas  and  carried  through  the  column.  Parti¬ 
tion  of  the  mixed  substances  occurs  many  times  during  the  period  that 
the  sample  remains  in  the  column,  arid  in  consequence,  separation  of  the 
components  occurs. 

Flow  Rate,  the  volume  flow  rate  of  the  carrier  gas  at  the  column 


outlet. 
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Frontal  Analysis,  a  steady  stream  of  the  mixture  to  be  analysed 
(whether  diluted  or  not)  is  introduced  into  an  inert  carrier  gas  at  a 
constant  initial  concentration-  The  components  of  the  mixture  are 
adsorbed  by  the  fixed  phase  until  an  equilibrium  is  reached  for  each 
component,  the  moving  front  of  the  mobile  phase  being  depleted  of  the 
mixture  components  in  direct  proportion  to  their  partition  coefficients. 
The  result  is  that  there  is  separation  in  the  moving  front  and  appearance 
of  the  components  at  the  column  outlet  at  different  times-  The  column 
must  be  regenerated  after  each  analysis. 

Ga s  Chromatography ,  all  chromatographic  methods  which  use  a  gas 
as  the  mobile  phase-  A  collective  name  for  gas-liquid  and  gas-solid 
chromatography. 

Ga s-Liguid  Chromatography,  the  technique  of  chromatography  that 
uses  a  gas  as  the  mobile  phase  and  a  liquid  distributed  on  a  solid 
support  as  the  stationary  phase. 

Gas- Sol id  Chromatography,  all  chromatographic  methods  that  use  a 
gas  as  the  mobile  phase  and  an  active  solid  as  the  stationary  phase. 

Height  Eguival ent  to  the  Theoretical  Plate,  the  length  of  column 
required  for  equilibrium  to  occur  between  the  vapour  in  the  gas  and  the 
vapour  in  the  stationary  phase. 

Inteqral  Detector,  a  detector  that  measures  the  accumulation  of 
the  sample. 

Integrated  Area ,  the  area  under  the  peak  which  is  measured  by  an 
electrical  or  mechanical  integrator. 

Liquid  Phase,  a  liquid  which  is  essentially  non-volatile  at  the 
operating  temperatures  of  the  column,  and  which  is  used  to  coat  a  solid 
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support  and  form  the  packing  of  a  chromatograph  column,.  The  sample 
components  are  dissolved  in  the  liquid  as  the  sample  moves  through  the 
column  and  the  separation  of  the  sample  components  depends  on  their 
differences  in  volatility  in  the  solution. 

Membrane  Diffusion  of  the  Lung  (in  milliliters  of  gas/minute/ 
millimeter  of  mercury),  the  diffusing  capacity  of  the  whole  lung  mem¬ 
brane  for  carbon  monoxide.  Membrane  diffusing  capacity  is  a  truer 
estimate  of  the  diffusion  of  gas  across  the  pulmonary  membrane  because 
it  takes  into  account  the  plasma  carbon  monoxide  pressure  necessary  to 
sustain  movement  of  the  gas  into  the  red  cell. 

Partition  Coefficient ,  the  measure  of  the  adsorption  of  a  vapour 
on  the  adsorbant,  which  determines  the  speed  of  the  zone  of  vapour 
through  the  column. 

Peak,  the  recorded  response  of  a  differential  detector  to  the 
presence  of  a  sample  component. 

Pulmonary ■ Capil 1  ary  Blood  Flow  (in  milliliters  of  blood/minute) , 
the  flow  of  blood  through  the  pulmonary  capillaries  per  minute,  as 
measured  by  the  diffusion  of  acetylene  across  the  pulmonary  membrane 
into  the  red  blood  cells. 

Pulmonary  Capillary  Blood  Volume  (in  milliliters),  the  volume  of 
blood  in  the  pulmonary  capillary  bed. 

Resolution,  the  separation  factor  between  peaks.  When  the  back 
and  front  of  adjacent  peaks  reach  the  baseline  at  the  same  point,  they 
are  properly  resolved  and  have  a  calculated  resolution  factor  of  1,5, 
Values  less  than  this  imply  incomplete  separation. 
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Retent  ion  Time ,  the  time  taken  from  the  beginning  of  sample 
injection  to  t  he  maximal  height  of  a  particular  peak. 

Retention  Volume ,  the  product  of  retention  time  and  volumetric 
flow  rate.  The  volume  of  carrier  gas,  measured  at  or  corrected  for  the 
column  temperature  and  column  outlet  pressure,  which  passes  through 
the  column  between  the  time  the  sample  is  injected  and  the  peak  maximum 
occurs. 

Sampl e  Ini ector ,  a  device  for  introducing  a  gas  or  liquid  sample 
into  the  gas  chromatograph.  The  sampling  chamber  has  a  certain  volume 
which  is  not  part  of  the  column  and  this  is  termed  the  sample  injector 
vol ume . 

Solid  Support ,  this  consists  usually  of  an  inert  porous  solid 
such  as  a  diatomaceous  earth.  The  efficiency  of  the  column  is  influenced 
by  the  particle  size  and  surface  area  of  the  solid  support. 

Stroke  Index,  (in  milliliters  of  blood/beat/square  meter  of  body 
surface  area),  the  amount  of  blood  ejected  from  the  left  ventricle  of 
the  heart  per  beat  corrected  for  body  surface  area  variations. 

Stroke  Vol ume  (in  milliliters  of  blood/beat),  the  amount  of  blood 
expelled  from  the  left  ventricle  of  the  heart  by  the  end  of  each 
systolic  period.  In  the  present  context,  stroke  volume  is  defined  as  the 
pulmonary  capillary  blood  flow  per  minute,  divided  by  the  minute  heart 
rate  measured  during  the  breath-holding  period. 

Theoretical  Plate,  the  zone  of  a  chromatographic  column  of 
sufficient  length  to  allow  complete  equilibrium  to  take  place  between 
the  vapour  in  the  gas  phase,  and  the  vapour  in  the  stationary  phase. 
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Thermal  Conductivity,  the  capacity  of  a  gas  to  conduct  heat.  The 
thermal  conductivity  varies  for  different  gases,  being  very  high  for 
helium  and  hydrogen  and  much  less  for  the  respiratory  gases.  The  intro¬ 
duction  of  a  gas  of  low  thermal  conductivity  into  a  carrier  gas  such  as 
helium  will  reduce  its  heat  conductivity  and  will  cause  the  detector 
cell  to  heat.  An  electrical  current  will  be  drawn  across  the  galvano¬ 
meter  of  the  Wheatstone  Bridge  because  of  the  change  in  resistance  of 
the  heated  detector. 

Ti ssue  Volume  (in  milliliters),  the  volume  of  the  pulmonary 
parenchymal  tissue. 

Wheatstone  Bridge,  an  electrical  circuit  consisting  of  four 
resistors,  each  on  a  separate  arm  of  the  circuit.  When  the  four  resis¬ 
tors  form  the  detector  elements  of  a  thermal  conductivity  cell,  the 
current  across  the  bridge  through  a  galvanometer  is  balanced  when  pure 
carrier  gas  is  flowing  over  all  the  detectors.  When  another  gas  is 
mixed  with  the  carrier  gas,  the  resistance  of  the  detector  exposed  to 
this  mixture  is  changed  and  the  circuit  becomes  unbalanced.  Additional 
current  is  then  drawn  by  the  heated  detector  through  the  galvanometer 
which  registers  the  change  in  flow  of  the  current. 


. 


CHAPTER  II 


GAS  CHROMATOGRAPHY 

Chromatography  is  a  method  of  separating  a  mixture  into  its 
component  parts  by  utilising  the  differences  between  the  partition 
coefficients  of  the  substances  when  they  are  distributed  between  two 
different  materials*  These  materials  are  known  as  phases  and  one  makes 
up  the  static  phase,  usually  of  a  large  surface  area,  and  the  other  is 
a  moving  phase*  The  moving  phase,  which  contains  the  mixture  to  be 
separated,  passes  through  the  static  phase,  and  in  the  process,  the 
component  parts  of  the  mixture  are  retarded  by  or  attracted  to  the 
static  phase  and  are  separated  from  each  other  (34;l). 

Although  such  separations  are  performed  by  nature,  it  was  not 
until  1906  that  the  technique  came  to  be  used  as  a  scientific  tool*  At 
that  time  the  Russian  biologist,  Tswett  (37,38),  separated  the  component 
of  plant  pigments  by  passing  them  through  columns  of  solid  adsorbents 
and,  as  the  separated  pigments  formed  coloured  rings,  Tswett  gave  the 
process  the  name  "chromatography*"  Modern  applications  have  been  far 
removed  from  colour  separation,  but,  although  the  name  now  appears  to 
be  a  misnomer,  it  has  not  been  changed* 

The  use  of  a  gas  as  the  fluid  phase  was  forecast  by  Martin  and 
Synge  in  1941  (26),  when  they  showed  that  it  was  possible  to  separate 
substances  on  the  basis  of  a  liquid-liquid  system.  Their  finding  that 
paper  strips  could  be  substituted  for  columns  was  of  particular  signifi¬ 
cance  for  the  development  of  chromatography  as  a  research  tool  for 
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organic  and  bio-chemistry. 

In  that  study  it  was  suggested  that  a  gas  could  be  used  in  place 
of  the  flowing  liquid,  but  it  was  not  until  1952  that  Martin,  this  time 
working  in  collaboration  with  James  (15),  was  able  to  successfully 
demonstrate  elution  gas  chromatography. 

Since  that  time,  the  development  of  gas  chromatography  has  been 
particularly  rapid,  and  the  technique  has  been  applied  to  virtually  all 
branches  of  analytical  chemistry. 

Ga s  Chromatography  Theory 

Generally  speaking,  all  gas  chromatographic  systems  operate  the 
same  way.  The  static  phase  is  fixed  and  has  a  large  surface  area  and 
may  consist  of  a  liquid  held  by  a  solid  (partition  chromatography),  or 
it  may  be  an  active  solid  (adsorption  chromatography).  The  static  phase 
is  usually  contained  in  a  column  of  stainless  steel  which  may  range 
from  one-sixteenth  of  an  inch  to  a  quarter  of  an  inch  in  outside  dia¬ 
meter.  The  moving  or  mobile  phase  is  a  gas  and  always  carries  the 
sample  to  be  analysed  through  the  column  containing  packing  material. 

The  mixture  to  be  analysed  is  injected  into  the  mobile  phase 
which  then  carries  it  into  the  column  containing  the  static  phase.  Some 
components  may  be  swept  through  the  column  without  being  retarded,  some 
may  be  completely  adsorbed  by  the  static  phase,  while  others  may  under¬ 
go  partition  between  the  adsorbent  and  the  carrier  gas  and  be  separated 
from  the  other  components  during  passage  along  the  column  (16:6). 

As  the  mobile  phase  passes  from  the  column,  it  carries  with  it, 
first  those  gases  that  were  not  retarded,  and  then,  in  turn,  the  components 
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that  were  separated  or  fractionated  during  passage  through  the  column. 
These  gases,  still  carried  in  the  mobile  phase,  are  passed  through  a 
detector  that  is  capable  of  measuring  changes  in  status  of  the  carrier 
gas  due  to  its  combination  with  the  components  of  the  mixture.  Such 
changes  are  converted  into  electrical  signals  that  may  be  recorded. 

The  major  elements  of  a  gas  chromatographic  system,  then,  include 
a  carrier  gas,  a  device  for  injecting  a  sample  into  the  carrier  gas  flow, 
a  column  or  columns  containing  suitable  packing  material  to  enable 
thorough  separation  of  the  components  or  the  mixture,  a  thermostatically- 
controlled  oven  surrounding  the  column  so  that  the  temperature  can  be 
kept  constant,  a  thermostatically-controlled  and  heated  detector,  and  a 
sensitive  strip  chart  recorder. 

Carrier  gas.  The  selection  of  an  appropriate  carrier  gas  must  be 
made  from  among  those  gases  that  are  not  required  for  analysis,  are  not 
adsorbed  by  the  column  packing  material  and  are  not  harmful  to  the 
detection  system. 

The  type  of  detector  system  will  also  affect  the  choice  of  the 
carrier  gas;  the  thermal  conductivity  detectors  may  use  a  wide  variety 
of  carrier  gases,  with  hydrogen,  helium,  argon  and  nitrogen  being  pre¬ 
ferred;  gas-density  balance  detectors  use  argon  or  nitrogen;  flame 
thermocouple  detectors  have  hydrogen  as  the  carrier  gas,  with  an  addi¬ 
tional  supply  of  oxygen  to  assist  combustion;  and  the  ionization  detec¬ 
tors  may  use  argon,  helium,  hydrogen,  nitrogen,  or  a  hydrogen-nitrogen 
mixture,  depending  upon  the  particular  type  of  detector  (16:38-71). 

In  all  cases,  it  is  advisable  to  adjust  the  flow  of  carrier  gas 


. 


. 


15 


to  the  chromatograph  by  fitting  a  two-stage  regulator  to  the  gas  cylinder, 
and,  as  some  impurities  may  be  present  in  the  cylinder,  a  drying  filter 
containing  silica  gel  or  molecular  sieve  should  be  fitted  in  the  supply 
lineo  This  drying  column  also  helps  to  buffer  the  flow  and  assist  in 
maintaining  constancy  (34;253)- 

For  normal  analyses,  very  close  control  over  flow  may  not  be 
necessary,  with  variations  to  the  order  of  ±  1  per  cent  being  tolerable, 
however,  as  sensitivity,  analysis  time  and  separation  are  all  altered 
by  changes  in  flow,  it  is  essential  that  the  flow  for  calibration 
analyses  be  the  same  as  that  for  analysis  of  the  sample  mixture.. 

Flow  is  also  controlled  at  the  instrument  itself,  usually  by  a 
needle  valve,  and  the  passage  of  the  carrier  gas  through  the  columns  is 
adjusted  by  the  introduction  of  restrictors-  It  is  important  to  realize 
that  very  small  changes  in  ambient  temperature  can  lead  to  very  large 
changes  in  the  flow  of  carrier  gas  through  each  orifice  of  the  control 
valves,  and  for  this  reason,  it  is  advisable  that  the  temperature  of  the 
carrier  gas  flow  and  that  of  the  control  valves  be  thermostatically 
controlled-  Where  automatic  control  of  the  analysis  cycle  is  in  use, 
rigid  control  over  flow  is  imperative  and  all  parts  of  the  flow  system 
should  be  equipped  with  thermostats  (34;254). 

The  carrier  gas  flow  through  ,the  columns  must  be  checked  fre¬ 
quently,  preferably  prior  to  each  series  of  analyses.  There  are  many 
ways  to  perform  this  measurement,  and  these  include  the  use  of  a  rota¬ 
meter,  a  capillary  manometer,  an  orifice  meter  or  a  soap  bubble  meter- 
Rotameters  are  only  suitable  for  providing  a  rough  indication  of  flow 
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and  are  not  sufficiently  accurate.  The  calibration  of  the  capillary 
meters  is  difficult  and  fitting  these  devices  into  the  system  is  also  a 
problem.  The  soap  bubble  flow  meter  is  the  simplest  system,  and  is 
also  the  most  accurate.  To  construct  one  of  these  devices,  a  burette, 
calibrated  in  milliliters,  is  modified  by  replacing  the  stopcock  with  a 
hooked  T-piece  of  glass.  The  hook  is  fitted  with  a  rubber  bulb  filled 
with  soap  or  detergent,  and  the  other  arm  of  the  T  is  connected  to  the 
outlet  from  the  detectors  of  the  chromatograph.  When  the  bulb  is 
squeezed,  a  bubble  is  forced  past  the  entrance  port  for  the  gas.  The 
gas  flow  then  pushes  the  bubble  up  the  column  of  the  burette  and  it  is 
a  simple  matter  to  time  the  passage  of  the  bubble  past  ten  milliliters 
of  graduations  on  the  column  and  to  convert  the  time  to  flow  in  milli¬ 
liters/minute.  Before  measurement  it  is  advisable  to  allow  several 
bubbles  to  pass  up  the  full  length  of  the  burette  to  moisten  the  sides. 

When  packing  new  columns,  flow  rates  should  be  compared  between 
the  old  and  new  columns,  in  order  that  the  reproducibility  of  the  packing 
technique  can  be  determined. 

Sampl e  transfer  methods .  The  aim  is  to  inject  the  quantity  of 
the  sample  into  the  carrier  gas  stream  in  a  quantitative  and  reprodu¬ 
cible  manner,  and  to  ensure  that  there  is  no  contamination  or  inter¬ 
ference  with  the  carrier  gas  flow.  As  the  sample  should  be  injected  so 
as  to  occupy  a  minimum  of  column  length  at  the  commencement  of  the 
analysis,  the  speed  of  injection  is  of  particular  importance,  especially 
with  flame  methods,  as  an  interruption  in  flow  can  extinguish  the  flame 
(I6s8) . 
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The  sample  introduced  should  be  a  gas,  a  liquid  that  can  be ■ 
vaporized  in  a  heated  injector,  or  a  liquid  or  solid  that  will  decom¬ 
pose  under  heat  and  give  off  gases. 

There  are  various  techniques  for  introducing  samples  into  a  gas 
chromatograph,  these  being: 

(a)  direct  injection  into  the  carrier  gas  stream, 

(b)  by  the  use  of  sampling  valves, 

(c)  by  automatic  or  semi-automatic  devices,  or 

(d)  by  miscellaneous  devices. 

1.  Direct  injection.  The  sample  to  be  analysed  is  drawn  from  a 
collection  chamber  into  a  gas-tight  syringe.  A  hypodermic  needle  fitted 
to  the  syringe  is  then  inserted  through  a  rubber  septum  and  the  sample 
rapidly  discharged  into  the  carrier  gas  stream.  Experimentation  has 
shown  that  this  technique  is  not  suitable  for  quantitative  and  repro¬ 
ducible  analysis  as  the  length  of  time  taken  to  empty  the  syringe  varies 
and  this  will  cause  a  variation  in  the  column  length  occupied  by  the 
sample  at  the  commencement  of  analysis.  This  method  of  sample  intro¬ 
duction  cannot  be  recommended  where  a  high  degree  of  accuracy  is 
required,  or  where  the  determinations  required  include  components  that 
are  present  in  major  proportions  (16:9). 

2.  Sampling  valves.  These  consist  of  many  types,  and  the  system 
may  use  a  constant  volume  pipette,  four-way  taps,  multi-port  valves  or 
syringe  injection  into  a  sample  loop.  In  all  cases,  the  aim  is  to  pass 
the  sample  into  a  by-pass  loop  of  known  volume,  and  to  turn  a 1  tap  that 
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will  isolate  the  sample  loop  from  the  outside  source  and  connect  it  to 
the  carrier  gas  flow.  With  these  devices,  care  should  be  taken  to  flush 
out  all  the  air  present  in  the  loop  with  the  sample  before  turning  the 
tap. 

The  pipette  systems  have  particular  disadvantages,  especially  as 
it  is  difficult  to  construct  1 eak-pi oof ' metal  pipettes  and  the  glass 
ones  are  prone  to  breakage.  Although  this  type  of  sample  injection  sys¬ 
tem  is  simple  and  reproducible  results  can  be  obtained,  their  use  is 
limited  by;  (a)  the  necessity  of  collecting  large  volumes  of  sample 
gas,  to  purge  the  pipette,  (b)  of  having  to  turn  at  least  three  taps  in 
order  to  introduce  the  sample  into  the  system,  (c)  of  requiring  care¬ 
fully  prepared  gas  mixtures  for  detector  calibration,  and  (d)  needing 
volume  calibrations  to  be  made  (I6sl0). 

Four-way  valves  and  multi-port  sampling  units  are  particulary 
effective  if  they  are  made  from  metal  to  satisfactory  levels  of  precision 
The  difficulties  of  the  need  for  pressure  measurement  and  volume  calibra¬ 
tion  remain.  A  design  by  Pratt  and  Purnell  (33)  consists  of  a  barrel 
and  shaft  made  of  stainless  steel.  Tke  shaft  has  six  grooves  each  of 
which  contain  a  silicone  rubber  O-ring.  Four  of  these  grooves  are 
sloped  along  the  shaft  to  produce  four  on-off  valves  which  allow  the  gas 
to  pass  from  one  port  to  another  through  the  space  between  the  O-rings. 
This  type  of  valve  is  fitted  to  several  commercially  produced  chroma¬ 
tographs,  and  has  been  found  to  perform  satisfactorily  provided  the 
pressure  generated  by  forcing  the  sample  into  the  sample  loop  is  allowed 
to  equilibrate  with  the  atmosphere  before  turning  the  tap. 
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Syringe  injection  into  a  sample  loop  has  the  advantage  of  pro¬ 
viding  the  simplicity  and  ease  of  operation  of  syringe  injection,  coupled 
with  the  advantage  of  permitting  a  constant  volume  to  be  injected  into 
a  loop  kept  at  atmospheric  pressure.  Certain  difficulties  remain,  parti¬ 
cularly  with  regard  to  the  problem  of  operator  technique,  as  the  injec¬ 
tion  must  be  performed  in  exactly  the  same  way  each  time,  if  reprodu¬ 
cible  results  are  to  be  obtained  (16:12). 

3.  Automatic  and  semi-automatic  sampling  devices.  Metal  multi- 
port,  constant  volume  sampling  valves  have  been  designed  to  be  operated 
mechanically  or  pneumatically.  These  devices  reduce  many  of  the  errors 
that  occur  in  sampling,  but  care  should  be  taken  to  periodically  check 
for  leaks. 

One  such  valve  has  been  described  by  Peterson  and  Lundberg  (32) 
vyho  made  a  valve  so  that  the  sample  could  be  introduced  through  a  hole 
in  a  shaft  which  could  be  moved  between  two  chambers.  The  sample  gas 
passed  through  one  of  the  chambers,  and  the  carrier  gas  through  the 
other.  After  sufficient  time  was  allowed  to  enable  the  sample  chamber 
to  be  purged,  a  pneumatic  device  lifted  the  shaft  so  that  the  sample 
contained  in  the  hole  in  the  shaft  was  lifted  into  the  carrier  gas 
chamber.  The  sample  was  then  swept  from  the  hole  by  the  carrier  gas  and 
into  the  column.  The  size  of  the  sample  in  this  system  is  adjusted  by 
varying  the  size  of  the  hole  in  the  shaft. 

Other  methods  are  in  use  that  are  similar  to  that  described  by 
Pratt  and  Purnell  (33),  except  that  the  grooves  on  the  shaft  are  not 
sloped.  The  sample  is  passed  into  the  barrel  and  flows  around  a  chamber 
formed  by  the  placement  of  two  O-rings.  Carrier  gas  flows  through 
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similar  chambers.  When  the  sample  is  to  be  passed  into  the  column, • 
compressed  air  slides  the  shaft  along  the  barrel  and  the  sample  is 
swept  from  its  chamber  by  the  carrier  gas. 

4.  Miscellaneous  methods.  Various  techniques  have  been  devised 
for  injecting  particular  substances  into  gas  chromatographs.  As  those 
sampling  systems  are  not  meant  for  general  use,  it  is  sufficient  to  say 
that  they  are  mainly  used  with  minute  quantities  of  the  sample,  or  with 
substances  that  are  difficult  to  inject  with  conventional  systems. 

Column  performance  and  chromatographic  separation.  These  factors 
will  be  discussed  under  separate  headings. 

1.  Column  performance.  The  speed  of  movement  of  a  component 
through  a  column  is  governed  partly  by  the  ease  of  adsorption  of  the 
vapour,  which  in  the  case  of  gas-liquid  chromatography  is  measured  by  the 
partition  coefficient.  The  speed  of  movement  of  the  zone  of  vapour 
through  the  column  determines  the  total  time  that  the  zone  will  take  to 
pass  completely  through  from  one  end  of  the  column  to  the  other.  This 
time  taken  to  traverse  the  column  is  known  as  the  retention  time.  Al¬ 
though  the  retention  time  is  a  function  of  many  factors,  a  major 
influence  is  the  flow  rate  of  the  carrier  gas.  The  greater  the  flow 
rate,  the  shorter  will  be  the  retention  time,  and  the  retention  time  and 
flow  rate  are  inversely  proportional  so  long  as  the  pressure  drop 
across  the  column  is  small.  The  constant  product  of  the  flow  rate  and 
the  retention  time  is  equal  to  the  amount  of  carrier  gas  required  to 
move  the  zone  of  vapour  from  one  end  of  the  column  to  the  other.  This 
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column  component  is  known  as  the  retention  volume  (25s8). 

A  chromatogram  may  be  used  to  determine  if  a  gas  sample  is  pure, 
to  enable  the  identification  of  the  component  parts  of  a  gas  mixture 
by  the  comparison  of  retention  times  of  the  unknown  peaks  with  retention 
times  of  known  components,  or,  more  frequently,  for  quantitative  analy¬ 
sis  of  known  mixtures.  The  chromatogram  may  also  be  used  for  deter¬ 
mining  the  efficiency  of  the  chromatograph  itself. 

If  adequate  measurement  is  to  be  made,  the  chromatograph  must  be 
capable  of  separating  the  components  from  each  other,  and  it  is 
possible  that  some  gases  may  have  similar  retention  times  for  the  parti¬ 
cular  operating  conditions  of  the  chromatograph  and  their  peaks  might 
overlap.  These  overlaps  may  be  caused  by  either  of  two  situations, 
closeness  of  the  peaks,  or  width  of  the  bases  of  the  peaks,  both  of 
which  are  largely  independent.  The  closeness  of  the  two  peaks  is  due  to 
the  similarity  of  their  retention  volumes  and  may  be  remedied  by  using 
a  more  suitable  stationary  phase.  The  peak  width  is  due  to  deficiencies 
in  column  performance.  Separation  may  be  greatly  improved  by  increasing 
the  relative  retention  (the  ratio  of  the  retention  volumes  of  the  two 
components)  and  by  improving  the  column  performance.  The  factors  that 
influence  the  retention  volume  include  the  column  variables  of  dead 
volume,  pressure  drop  across  the  column,  temperature  of  the  carrier  gas 
as  it  affects  the  flow  rate  and  the  weight  of  the  stationary  phase,  the 
thermodynamic  factors  of  the  chemical  nature  of  the  vapour,  the  chemical 
nature  of  the  stationary  phase  and  the  temperature  of  the  column  as  it 
affects  the  thermodynamics  (25:30). 
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Column  performance  is  evaluated  in  terms  of  the  Plate  Theory  of 
Martin  and  Synge  (26)  „  In  order  to  understand  this  concept,  it  is  best 
to  visualise  the  chromatographic  column  as  being  divided  along  its  length 
into  a  number  of  separate  zones,  each  of  these  zones  being  of  sufficient 
length  to  allow  equilibrium  of  the  vapour  to  take  place  in  the  gas  and 
stationary  phases..  Each  of  these  zones  is  called  a  Theoretical  Plate, 
and  the  length  of  each  plate  is  known  as  the  Height  Equivalent  to  the 
Theoretical  Plate,  or  HETPo 

At  the  beginning  of  the  analysis,  the  vapour  is  completely  con¬ 
tained  within  the  first  plate..  When  in  incremental  volume  of  carrier 
gas  is  passed  into  the  column,  some  of  the  vapour  in  the  gas  phase  is 
forced  into  the  next  plate  where  it  equilibrates  with  the  stationary 
phase,  while  that  remaining  in  the  stationary  phase  and  carrier  gas  at 
the  first  plate-  equilibrates  with  the  clean  carrier  gas  that  flows  into 
ito  The  process  continues  as  more  carrier  gas  enters  the  column,  and 
slowly  the  loading  section  of  the  vapour  moves  along  the  column  while 
the  concentration  of  vapour  in  the  first  plate  diminishes  until  none 
remainso  The  way  in  which  the  vapour  is  distributed  among  the  plates 
after  a  passage  of  a  number  of  carrier  gas  increments  is  dependent  upon 
the  amount  of  vapour  that  is  transferred  at  each  incremental  passage 
(25: 120) o  The  HETP  is  related  to  the  cross-section  area  of  the  column 
occupied  by  the  gas  phase,  the  cross-section  area  of  the  column  occupied 
by  the  stationary  phase,  the  partition  coefficient  of  the  solute,  the 
concentration  of  the  vapour  in  the  gas  phase  and  the  incremental  volume 
of  the  carrier  gas° 

The  number  of  theoretical  plates  can  be  calculated  from  the 
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chromatogram  by  using  the  equation  (36): 

N  =  I6(d/w)^ 
where: 

n  =  the  number  of  theoretical  plates, 

d  =  the  distance  from  the  point  of  injection  of  the  sample 
to  the  highest  point  of  the  peak  along  the  baseline, 
w  =  the  width  of  the  peak  at  the  baseline.. 

Once  the  number  of  theoretical  plates  is  known,  the  determination 
of  the  HETP  can  be  made  using  the  -equation  (36): 

HETP  =  L/n 
where : 

HETP  -  the  height  equivalent  to  the  theoretical  plate, 

L  =  the  length  of  the  column, 

n  =  the  number  of  theoretical  plates. 

The  number  of  theoretical  plates  varies  with  certain  operating 
conditions  such  as  carrier  gas  flow  rate,  column  length  and  temperature., 
A  column  has  a  maximal  value  of  n  over  a  limited  range  of  flow  rates  and 
the  optimum  flow  rate  for  that  column  can  be  determined  by  plotting  a 
graph  with  linear  gas  flow  velocity  as  the  independent  variable, 
against  HETP* 

When  the  HETP  is  a  minimum,  then  the  column  will  contain  the 
maximal  number  of  theoretical  plates,  and  thus,  this  would  be  the 
maximal  expression  of  column  efficiency.,  The  optimal  carrier  gas  flow 
rate  would  correspond  to  the  minimum  HETP  and  should  produce  an  air 
pack  in  three-four  seconds  per  foot  of  column  (36). 
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2.  Chromatographic  separation.  The  majority  of  separations  in 
gas  chromatography  use  liquid  stationary  phases  that  have  been  dispersed 
upon  inert  supporting  substances.  In  these  cases,  the  resulting  peaks 
are  symmetrical  in  shape  and  are  regarded  as  being  almost  the  ideal  type 
of  chromatogram. 

Where  separation  of  gaseous  mixtures  is  required,  solid  adsor¬ 
bents  are  frequently  used,  and  the  resultant  peaks  tend  to  be  sharp  at 
the  front,  but  tail  off  to  a  certain  extent  to  the  rear  of  the  peak. 

For  this  type  of  peak,  the  response  calibration  is  seldom  linear,  and 
often  a  correction  factor  must  be  established  by  repeated  determinations 
using  accurately  prepared  dilutions  of  each  of  the  gases  that  are 
important  to  the  study  contemplated  (16:23). 

Only  a  small  number  of  materials  are  used  for  packing  columns  in 
gas-solid  chromatography,  and  these  include  silica  gel,  activated  char¬ 
coal,  alumina  and  molecular  sieves.  These  materials  are  packed  into 
columns  that  may  be  glass,  brass,  copper,  aluminium  or  stainless  steel. 
Stainless  steel  is  preferred  as  it  is  non-corrosive  and  easy  to  bend. 
Columns  should  be  fitted  into  the  chromatograph  using  Swagelok,  Burton, 
Simplifix  or  Tecalimit  fittings  as  they  provide  gas-tight  seals  at  all 
connections. 

The  stationary  phase  is  carefully  prepared  and  passed  through 
sieves  so  that  the  particle  size  will  be  as  uniform  as  possible.  The 
mesh  size  of  the  packing  is  of  importance  as  the  finer  the  mesh,  the 
more  restriction  there  will  be  to  flow.  The  bottom  end  of  the  column 
to  be  packed  is  plugged  with  glass  wool,  and  the  packing  material  is 
poured  into  the  top  of  the  column.  It  is  more  convenient  to  fill  the 
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column  before  bending  it  to  fit  into  the  chromatograph  oven.  In  order 
to  ensure  evenness  of  packing  density,  a  vibrator  should  be  used  as  the 
material  is  poured  into  the  column.  This  may  be  a  small  electric  motor 
with  a  flat  surface  at  the  end  of  the  shaft,  or  an  engraving  tool.  When 
the  spindle  of  the  vibrator  is  held  against  the  column,  the  material 
packs  down  fairly  rapidly  to  the  even  porous  structure  required.  Fur¬ 
ther  vibration  will  pack  the  column  tighter  to  a  higher  density  and  will 
increase  the  pressure  drop  across  the  column  when  it  is  installed,  with 
a  resultant  decrease  in  column  efficiency.  When  the  column  has  been 
packed  to  satisfaction,  the  top  is  plugged  with  glass  wool.  In  order  to 
assist  in  the  preparation  of  columns  with  reproducible  column  packing 
densities,  the  volume  of  the  packing  material  used  should  be  determined 
and  recorded.  This  may  be  done  by  using  a  measuring  cylinder  as  a 
container  for  the  packing  material  while  filling  the  column,  and  obser¬ 
ving  the  volume  used. 

The  column  is  then  coiled  to  fit  the  chromatograph,  care  being 
taken  to  avoid  forming  air  bubbles,  by  coiling  to  as  large  a  diameter 
as  possible.  The  minimum  diameter  of  the  coils  should^beten  centimeters 
(16  s  25) - 

The  packing  procedure  is  similar  when  gas-liquid  columns  are  pre¬ 
pared.  A  necessary  stage  prior  to  the  packing  is  coating  of  the  inert 
solid  (celite  or  firebrick  being  commonly  used  as  supports),  with  the 
selected  liquid  phase.  This  dispersion  is  achieved  by  dissolving  the 
liquid  phase  into  a  solvent  such  as  acetone  or  methanol,  and  stirring 
the  support  substance  into  the  mixture.  The  combination  of  the  support, 
liquid  phase  and  solvent  is  stirred  continuously  while  evaporation  takes 
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place.  When  the  solvent  has  all  evaporated  and  the  material  is  apparent 
ly  dry  and  free  running,  it  is  re-sieved  and  packed  into  the  column  (36) 

Following  packing,  columns  should  be  activated  or  conditioned, 
and  this  process  involves  placing  the  column  into  the  chromatograph  and 
increasing  the  temperature  to  between  200°-400°Co ( depending  upon  the 
type  of  packing  material)  and  leaving  the  column  at  that  temperature  for 
more  than  two  hours. 

It  should  be  emphasised  that  while  conditioning  is  being  per¬ 
formed,  the  column  outlet  should  be  disconnected  from  the  chromatograph 
as  the  packing  material  gives  off  a  vapour  that  may  damage  the  thermal 
conductivity  detectors. 

Column  heating.  For  normal  routine  analyses,  close  control  over 
temperatures  may  not  be  necessary,  and  constancy  of  temperature  between 
+  1°C.  may  be  satisfactory.  It  is  possible  to  make  some  analyses  at 
ambient  temperatures  and,  while  a  1°C.  change  in  column  temperature  may 
alter  the  retention  volumes  of  substances  by  five  per  cent,  all  compo¬ 
nents  will  be  more  or  less  equally  affected.  Whether  this  approach  can 
be  employed  or  not  depends  upon  the  characteristics  of  the  detector,  and 
as  certain  detectors  are  responsive  to  changes  in  the  retention  volume, 
especially  if  peak  height  calibrations  are  employed,  it  is  usually 
worthwhile  to  use  a  thermostatically-controlled  column  chamber  or  oven 
(34; 256) . 

Although  vapour  baths  and  liquid  baths  have  been  used  in  attempts 
to  provide  a  close  control  over  the  column  temperature,  a  much  better 
approach  is  to  use  an  insulated  metal  box  as  a  column  container  and  to 
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circulate  air  through  it  with  a  fan.  Most  of  the  commercially  produced 
units  use  this  system,  and  fit  the  box  or  oven  with  a  door  so  as  to 
permit  easy  access  to  the  columns.  If  this  design  is  to  operate  satis¬ 
factorily,  and  provide  an  even  distribution  of  temperature  throughout 
the  oven,  the  blower  must  be  capable  of  providing  a  forced  circulation 
of  air  with  sufficient  power  to  achieve  linear  velocities  of  above 
thirty-five  feet  per  second,  at  which  speed  flow  becomes  turbulent  at 
ordinary  temperatures  and  pressures  (34:257). 

When  analysing  a  mixture  in  a  column  at  a  constant  temperature, 
the  first  peaks  to  be  eluted  are  very  high  and  narrow,  while,  if  reten¬ 
tion  times  are  great,  the  last  peaks  will  be  wide  and  shallow.  There 
is  also  a  possibility  that  the  measurement  of  the  peaks  will  give  erron¬ 
eous  quantitative  values,  whether  this  is  due  to  the  difficulty  in 
measuring  the  area  of  the  spread  peaks,  non-linearity  of  the  detector 
to  large  concentrations  or  to  the  incorporation  of  excessive  detector 
noise  into  the  peak.  In  such  cases,  the  problems  can  be  eliminated  by 
increasing  the  temperature  of  the  column  during  the  course  of  the  analy¬ 
sis,  so  that  the  initial  temperature  is  sufficient  to  produce  reasonable 
shapes  for  the  initial  peaks,  and  the  final  temperature  is  high  enough 
to  allow  the  elution  of  the  last  peaks  within  a  reasonable  time.  This 
change  in  temperature  can  be  achieved  in  either  of  three  ways  (34:219- 
221): 

(a)  by  discontinuous  heating,  either  with  or  without  an  inter¬ 
ruption  in  the-  carrier  gas  flow.  The  column  is  heated  between  the 
appearance  of  the  volatile  and  less  volatile  components  of  the  mixture, 

(b)  by  uncontrolled  continuous  heating.  The  detector  is  kept  at 
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a  temperature  greater  than  that  of  the  column  at  its  hottest,  and  the 
column  is  heated  continuously  from  the  time  of  the  injection  of  the 
sample.  Great  care  must  be  taken  to  ensure  that  the  increase  in 
temperature  is  linear, 

(c)  by  linear  temperature  programming.  In  this  technique,  the 
column  is  heated  with  a  linear  relation  between  temperature  and  time. 

The  advantage  of  this  system  is  that  the  column  is  heated  at  a  repro¬ 
ducible  rate. 

Detectors.  The  function  of  a  detector  is  to  record  the  presence 
of  a  component  of  the  gas  mixture  being  analysed  and  to  indicate  the 
quantity  of  the  substance  present  or  the  concentration  of  the  component. 
Although  there  is  a  wide  variety  of  detectors  available,  each  making 
use  of  chemical  or  physical  properties  in  their  sensing  mechanism,  those 
that  are  more  widely  used  provide  an  electrical  signal  that  can  be 
amplified  for  recording  purposes. 

The  detectors  used  in  gas  chromatography  may  belong  to  two 
categories  (16:39): 

(a)  integral  detectors  where  the  response  is  a  function  of  the 
total  quantity  of  the  material  such  as  the  sample  gas  that  has  passed 
through  the  detector,  and 

(b)  differential  detectors  where  the  response  is  a  function  of 
the  gas  concentration  at  any  particular  time. 

The  integral  detectors  have  particular  disadvantages  that  limit 
their  general  applicability.  These  disadvantages  include  a  lack  of 
sensitivity  and  the  problem  that  the  component  gases  may  be  re-combined 
within  the  detector  chamber,  unless  special  steps  are  taken  for  their 
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isolation  (16:39). 

Differential  dete  tors  are  particularly  numerous  and  no  attempt 
will  be  made  here  to  fully  describe  the  operation  of  each.  Instead,  as 
the  Thermal  Conductivity  Cell  ( Katharometer )  has  the  greatest  applica¬ 
tion  to  respiratory  gas  analysis,  it  will  be  discussed  in  detail,  and 
only  the  general  principles  underlying  the  others  will  be  treated. 

1.  The  thermal  conductivity  cell.  Shakespear  patented  a  device, 
which  he  called  a  Katharometer,  in  1915  (34:278)  and  this  instrument 
was  the  forerunner  of  the  instruments  in  use  today.  The  modern  version 
consists  of  aluminium  chamber,  the  walls  of  which  are  held  at  a  constant 
temperature.  Within  the  chamber,  is  an  electrically-heated  hot  element 
of  metal  or  semi-conductive  material.  A  stream  of  carrier  gas  passes 
through  the  chamber  or  past  it  (gas  flowing  into  it  in  this  case  by 
diffusion)  and  any  component  of  the  sample  mixture  will  be  carried  by 
the  carrier  gas  to  the  chamber.  When  pure  carrier  gas  is  flowing  through 
the  system,  and  there  is  a  constant  current  to  the  hot  element,  the  rate 
of  heat  production  is  constant  and  the  heat  is  dissipated  by  conduction 
through  the  gas.  The  presence  of  a  vapour  of  a  component  ".  .  .changes 
the  thermal  conductivity  of  the  (carrier)  gas,  so  that  a  different 
temperature  gradient  is  necessary  to  maintain  the  required  rate  of 
dissipation,  and  therefore  the  hot  element  changes  temperature"  (25:302). 

The  temperature  of  the  hot  element  is  measured  as  if  it  were  a 
resistance  thermometer,  with  a  change  in  temperature  producing  a  change 
in  resistance.  This  change  in  resistance  may  be  measured  by  using  the 
hot  element  as  one  arm  of  a  Wheatstone  Bridge.  If  two  thermal 
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FIGURE  1  THERMAL  CONDUCTIVITY  DETECTOR  ASSEMBLY 
GOW-MAC  FILAMENTS  MICROTEK  GC2013M  GAS 
CHROMATOGRAPH  (28) 
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conductivity  cells  are  placed  to  form  adjacent  arms  of  a  Wheatstone' 
Bridge,  one  to  measure  the  output  from  the  columns  and  one  to  contin¬ 
ually  measure  pure  carrier  gas,  instrumental  drift  can  be  greatly  re¬ 
duced  (25:303). 

The  changes  in  the  resistance  of  the  hot  element  result  in  an 
out-of-balance  potential  across  the  Wheatstone  Bridge  which  can  then  be 
displayed  on  a  galvanometer .  As  the  resistances  of  the  hot  elements  and 
the  other  arms  of  the  Wheatstone  Bridge  are  smaller  than  the  maximal 
input  impedance  of  potent iome trie  recorders,  such  a  recorder  may  replace 
the  galvanometer  in  the  circuit,  and  the  continuous  record  of  the  out-of¬ 
balance  electromagnetic  force  of  the  Wheatstone  Bridge  would  form  the 
chromatogram  (25:303). 

An  attenuator  may  also  be  added  to  the  circuit  between  the 
Wheatstone  Bridge  and  the  recorder  to  allow  the  maximal  signal  to  pass 
from  the  Wheatstone  Bridge  to  the  recorder  for  measurement  of  gas  com¬ 
ponents  of  small  concentration,  and  to  reduce  the  signal  where  gases  of 
high  concentration  are  being  detected  and  analysed.. 

Different  types  of  hot  elements  are  used  and  care  should  be 
taken  to  ensure  that  the  temperature  of  the  walls  of  the  cell  are  kept 
below  the  recommended  maximum  for  that  type  of  detector.  The  maximal 
temperature  for  thermister  type  thermal  conductivity  elements  is  about 
100°Co  The  manufacturer's  specifications  will  show  the  optimal  tempera¬ 
ture  for  maximal  sensitivity. 

When  working  with  mixtures  containing  high  concentrations  of 
oxygen,  some  of  the  detectors  begin  to  lose  efficiency  through  oxida¬ 
tion,  and  this  may  be  detected  by  seeing  if  the  oxygen  peak  returns  to 
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the  previously  established  baseline  after  analysis  of  the  gas. 

Some  of  the  more  modern  types  of  thermal  conductivity  detector 
cells  use  four  hot  elements.  Two  are  placed  in  the  pure  carrier  gas 
stream  and  the  other  two  are  used  for  detecting  component  gases  mixed 
with  the  carrier  gas.  In  this  manner,  the  sensitivity  of  the  thermal 
conductivity  cell  may  be  doubled  (34:281). 

2.  Gas-density  balance  detectors.  This  technique  employs  com¬ 
parison  of  gaseous  densities  for  molecular  weight  or  composition  measure¬ 
ment.  The  apparatus,  as  developed  by  Claesson  (6),  consisted  of  a 
liquid  manometer  connected  across  two  columns  of  gas,  one  of  which  con¬ 
tained  pure  reference  gas.  Any  difference  in  mass  between  the  two 
columns  due  to  the  presence  of  the  component  of  a  sample,  set  up  a 
pressure  differential  which  was  measurable  in  direct  proportion  to  the 
differences  in  mass.  Martin  and  James  miniaturised  the  system  and  were 
able  to  convert  the  pressure  differential  into  a  strong  electrical 
signal  (34). 

In  a  more  recent  development,  Gow-Mac  Instrument  Company,  under 
license  from  the  Standard  Oil  Company  of  Indiana,  simplified  the 
apparatus  for  commercial  development. 

This  detector  is  in  the  form  of  a  metal  block  with  several  inter¬ 
nal  flow  passages.  In  two  of  these  passages  are  sensing  elements  that 
are  connected  to  the  external  resistors  of  a  Wheatstone  Bridge  circuit. 

A  thermal  imbalance  of  the  Wheatstone  Bridge  is  created  by  changes  in 
the  flow  of  the  carrier  gas  over  the  sensing  elements  (16:49).  In 
Figure  2,  the  pure  carrier  gas  enters  the  block  at  E  and  gas  from  the 
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chromatograph  column  enters  at  H.  When  pure  carrier  gas  enters  from 
both  ports,  the  flow  from  E  divides  equally  and  flows  into  the  passages 
EF  and  EG  before  passing  from  the  balance  at  J.  When  a  gas  of  a  higher 
specific  gravity  than  the  carrier  gas  enters  the  system  at  H,  where  the 
flow  is  less  than  that  at  E,  the  equal  division  of  the  pure  carrier  gas 
into  the  tubes  EF  and  EG  is  disturbed  because  of  the  density  gradient 
that  has  been  set  up  in  the  vertical  column  FG.  This  causes  more  of 
the  sample  gas  to  leave  the  FG  column  at  G  than  from  F,  resulting  in  a 
proportional  increase  in  carrier  gas  flow  from  E  to  F,  and  a  correspond¬ 
ing  decrease  in  flow  from  E  to  G.  As  the  sensing  elements  located  in 
the  positions  labelled  "e"  are  within  the  carrier  gas  flow  only,  any 
unbalanced  increase  in  flow  will  increase  the  resistance  of  one  of  the 
hot-wire  or  thermister  elements,  and,  as  it  will  also  receive  a  smaller 
proportion  of  the  Bridge  current,  it  will  be  cooled  still  further.  The 
other  element  in  the  area  of  reduced  flow  will  heat  up  and  its  resis¬ 
tance  will  decrease,  and' thus  receive  an  increased  supply  of  the  Bridge 
current.  This  imbalance  in  the  thermal  conductivity  will  then  be 
recorded  as  the  chromatograph  response  (16:49-52). 

3.  Flame  thermocouple  detectors.  These  detectors  are  mostly 
applied  to  the  analysis  of  the  hydrocarbon  gases  and  the  technique  of 
analysis  involves  the  burning  of  hydrogen,  either  as  carrier  gas  or  as  an 
introduced  gas,  within  the  detector  chamber.  The  flame  is  adjusted  so 
that  its  peak  is  just  below  the  hot  junction  of  a  thermocouple  when  pure 
carrier  gas  is  flowing  through  the  detector.  When  sample  gases  are 
present,  the  organic  substances  present  burn  within  the  flame,  causing 
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it  to  enlarge  and  engulf  the  thermocouple.  The  change  in  temperature  of 
the  thermocouple  is  related  to  the  molar  heat  of  combustion  of  the 
components  present,  and  the  change  in  temperature  produces  a  current 
that  flows  through  a  potentiometer  to  be  recorded  (16:53). 

4.  Ionization  detectors.  These  detectors  all  use  the  principle 
of  the  conduction  of  electricity  by  gas  which  has  been  ionized  by  an 
energy  source  and  placed  under  the  influence  of  an  electrical  field. 
Various  energy  sources  have  been  employed,  but  the  more  frequently  used 
sources  are  hydrogen  flame  and  radioactive  isotopes. 

This  technique  of  detection  is  more  sensitive  than  the  Katharo- 
meter  or  gas-density  balance  systems  and  is  capable  of  detecting  extreme¬ 
ly  small  samples  of  component  gases. 

In  practice,  the  hydrogen  flame  ionization  detector  burns  its 
carrier  gas  in  a  hydrogen  flame,  and  these  gases  become  hot  enough  for 
a  small  proportion  of  the  molecules  to  acquire  sufficient  energy  to 
ionize  and  give  the  flame  an  electrical  conductivity.  When  an  organic 
vapour  enters  the  flame,  the  conductivity  is  increased  and  it  is  this 
increase  that  is  measured  and  recorded  (25:288-89). 

The  argon  cell  ionization  detector  is  very  sensitive  to  organic 
materials  but  is  insensitive  to  some  of  the  hydrocarbons  and  the  perma¬ 
nent  gases.  The  argon  carrier  gas  is  exposed  to  ionizing  radiation  from 
a  source  such  as  strontium-90,  radium-D,  promethium-147  or  tritium. 

With  this  irradiation,  positive  ions  and  free  electrons  are  produced  and 
it  is  these  electrons,  collected  under  the  influence  of  the  applied 
field,  that  give  rise  to  the  small  electrical  current  that  is  the 
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standing  current  of  the  detector  cell.  Some  of  the  argon  molecules' 
become  excited  by  the  radiation  and  the  energy  stored  in  these  molecules 
is  sufficient  to  cause  ionization  of  the  molecules  of  the  sample  com¬ 
ponents  as  they  enter  the  detector  chamber.  These  additional  ions  are 
collected  by  the  anode  and  cause  an  increase  in.  current  through  the 
cell  that  makes  up  the  detector  response  (16:60). 

Recorders  and  the  measurement  of  chromatograms.  A  great  variety 
of  satisfactory  recorders  are  commercially  available.  The  prime 
characteristic  for  a  suitable  recorder  is  a  rapid  response  time,  and  a 
full  scale  deflection  from  an  input  of  one  millivolt.  It  is  a  definite 
advantage  if  the  recorder  is  fitted  with  an  automatic  integrator  that 
measures  the  area  under  each  peak  as  it  is  produced.  Digital  read-out 
integrators  are  also  commercially  available. 

1.  Peak  identification.  Frequently  in  gas  chromatography,  the 
isolation  of  the  components  of  a  sample  mixture  constitutes  the  easiest 
part  of  the  analysis,  as  identification  can  be  particularly  difficult, 
especially  when  high  sensitivity  detectors  indicate  the  presence  of 
unsuspected  small  concentrations  of  unknown  components  in  mixtures  under 
analysis. 

When  the  chromatographic  technique  is  replacing  a  method  that  was 
well  established,  the  components  are  known,  and  it  is  a  simple  matter  to 
use  individual  reference  gases  of  these  components  to  detect  the  reten¬ 
tion  time  of  each  (provided  they  are  available). 

When  the  chromatographic  technique  is  the  only  one  available,  there 
are  two  possibilities.  First,  if  the  material  to  be  analysed  derives 
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from  a  known  chemical  reaction,  then  the  components  that  result  are 
predictable  and  their  elution  times  can  be  determined  as  before.  If, 
however,  the  mixtures  to  be  analysed  derive  from  natural  or  unknown 
sources,  the  identification  of  the  components  is  particularly  difficult. 
Often  it  is  possible  to  use  mass  spectrometry,  ultra-violet  or  infra¬ 
red  spectrometry  for  identification  of  components  as  they  elute  from 
the  detector  outlet.  Chemical  analyses  may  be  performed  on  the  unknown 
mixture  before  chromatography. 

It  is  possible  to  compare  the  retention  times  of  the  unknown 
peaks  with  those  obtained  under  identical  conditions  for  a  wide  range 
of  materials.  This,  method  makes  use  of  tables  of  relative  retention  data 
that  may  be  found  in  the  literature,  but  frequently,  only  provides  a 
list  of  possible  components  with  the  same  retention  times.  Retention 
times  tend  to  be  rather  specific  to  the  particular  instrument  and  its 
operating  conditions  and  the  list  of  possible  components  would  thus  have 
to  be  broadened  to  include  others  with  similar  retention  times. 

Other  identifications  can  be  made  by  comparison  of  retention 
data  of  unknown  components  with  those  for  standard  substances  plotted 
in  the  form  of  a  semi-logarithmic  plot  with  the  log  retention  time  or 
volume  relative  to  a  particular  standard,  against  the  boiling  point  or 
the  number  of  structural  units  in  the  molecules  of  members  of  a  parti¬ 
cular  series.  This  method  is  commonly  used  when  pure  samples  of  the 
full  range  of  possible  components  are  not  available  (34:388-89). 

2.  Quantitative  analysis.  Although  other  methods  are  used,  the 
simplest  and  most  frequently  used  technique  for  peak  measurement  uses 
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peak  height  or  peak  area  for  calibration  purposes..  These  particular 
responses  are  the  result  of  differential  detector  outputs  and  the  dis¬ 
placement  of  the  peak  from  the  baseline  records  the  concentration  of  the 
component  in  the  detector  at  that  time., 

Peak  height  and  peak  area  sensitivity  are  affected  by  column 
temperature,  carrier  gas  flow  rate,  sample  size,  the  type  and  concentra¬ 
tion  of  the  components  and  by  the  degree  of  resolution  between  the  sample 
components . 

The  relative  area  sensitivity  of  the  gas  chromatograph  does  not 
change  with  a  change  in  carrier  gas  flow  rate,  but  individual  component 
sensitivity  varies  inversely  with  flow..  Therefore,  if  peak  heights  are 
used,  calibration  gases  and  samples  must  be  analysed  at  the  same  carrier 
gas  flow  rate- 

Column  temperature  does  not  affect  the  relative  area  sensitivity 
and  has  little  effect  on  the  individual  component  area  sensitivity,  pro¬ 
vided  a  constant  carrier  gas  flow  rate  is  maintained  as  the  temperature 
increases..  Both  relative  peak  height  and  component  peak  height  sensi¬ 
tivity  will  change  with  temperature  and  it  is  therefore  necessary  to 
run  the  calibration  and  sample  analyses  under  the  same  temperature 
conditions  (36)o 

The  measurement  of  peak  height  is  more  rapid  and  probably  more 
accurate  than  measuring  peak  area.  For  this  reason,  it  is  usually  pre¬ 
ferred,  although,  if  the  sample  size  varies,  the  plots  of  peak  height 
against  sample  size  are  often  non-linear,  and  plots  of  peak  area  are 
more  accurate  under  these  situations*  The  reason  behind  this  is  that 
the  theoretical  plate  heights,  and  thus  the  peak  heights  and  widths,  are 
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dependent  upon  sample  size  and  sample  feed  volume,  whereas  the  area  under 
the  peak  is  not.  It  is  essential  then,  that  all  variables  that  may 
affect  the  HETP  should  be  rigorously  controlled  if  satisfactory  results 
are  to  be  obtained  from  the  peak  height  method  (34;399). 

When  a  chromatograph  is  used  that  is  fitted  with  automatic 
constant  volume  sampling  injection  and  thermostated  control  of  column 
temperature  and  carrier  gas  flow,  the  most  satisfactory  method  to  use 
for  calibration  is  the  measurement  of  peak  height. 

In  assessing  peak  height,  the  measurement  should  be  made  from 
the  maximal  height  of  the  peak,  to  a  point  directly  below,  on  a  baseline 
drawn  between  the  point  where  the  peak  commenced  to  rise  to  where  the 
baseline  was  reestablished.  Often  a  peak  does  not  return  to  the  pre¬ 
viously  established  base  because  of  a  decrease  in  the  efficiency  of  the 
detector. 

If  peak  area  is  used  for  calibration,  there  are  often  difficulties 
with  asymmetric  peaks,  and  Krejci  and  Janak  (20)  list,  in  increasing 
order  of  accuracy,  the  following  methods  that  may  be  used  to  measure 
area : 

(a)  cutting  out  and  weighing  the  chromatograms, 

(b)  counting  the  squares, 

(c)  approximation  of  the  curve  to  a  triangle  drawn  through  the 
inflexion  points  and  calculated  by  the  equation  (base  width 
multiplied  by  peak  height/2)  or  from  multiplying  the  height 
by  the  width  of  the  peak  at  half  the  height,  and  by 


(d)  planimetry. 
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A  further  accurate  method  involves  the  use  of  an  automatic  inte¬ 
grator  which  gives  a  written  recording,  in  integrator  units,  of  the  area 
under  each  peak* 

To  determine  the  concentration  of  a  gas  from  the  knowledge  of  the 
chromatogram  response  (peak  height  or  area)  of  the  component  of  the 
unknown  concentration,  and  the  concentration  and  chromatogram  response 
of  a  reference  sample  of  the  same  gas  (analysed  under  the  same  conditions) 
the  following  equation  may  be  used: 

C. 


’Uk. 


P"R,  x  PRUk»/PRR0 


where, 


C.  =  concentration  in  percent, 

Uko  =  gas  of  unknown  concentration, 

R  =  reference  sample  of  same  gas, 

PR  =  chromatograph  response  in  peak  height  or  area. 

Where  two  peaks  overlap,  it  is  satisfactory  to  measure  the  peak 
height  of  each  to  the  established  baseline,  even  where  there  is  a 
difference  in  the  magnitude  of  the  size  of  the  two  peakso  Peak  areas 
may  also  be  measured  with  accuracy  by  either  dropping  a  perpendicular 
from  the  saddle  between  the  two  peaks,  or  extrapolating  the  unresolved 
portions  of  the  peaks  to  the  baseline  (34:400). 
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CHAPTER  III 


GAS  CHROMATOGRAPHY  AND  RESPIRATORY  GAS  ANALYSIS 

Apart  from  the  common  room  air  gases  of  oxygen,  nitrogen,  and 
carbon  dioxide,  various  other  gases  including  carbon  monoxide,  acety¬ 
lene,  helium,  neon  and  nitrous  oxide  have  been  used  to  assist  in  the 
measurement  of  various  parameters  of  respiratory  and  circulatory  function. 

There  is  no  single  chromatographic  material  that  is  capable  of 
separating  all  these  gases,  so  any  system  used  for  pulmonary  research 
must  use  a  two-  or  three-column  chromatograph  to  achieve  satisfactory 
separation  of  the  components.  By  employing  column  switching  valves 
between  the  columns,  it  is  possible  to  make  the  analysis  of  the  gases 
using  only  one  detector. 

Column  Packing  Materials 

Silica  gel °  The  ability  of  a  column  packed  with  silica  gel  to 
perform  a  separation  will  depend  upon  the  method  employed  In  its  prepara¬ 
tion,  and  for  this  reason,  it  is  difficult  to  duplicate  retention  times 
from  one  column  to  another. 

Silica  gel  is  an  active  solid  packing  material  and  it  is  avail¬ 
able  in  a  size  and  quality  range  suitable  for  gas  chromatography,  with 
mesh  sizes  ranging  from  40  to  200.  This  bulk  material  must  be  sized 
by  sieving  to  the  particular  mesh  range  suitable  for  the  analysis  of 
the  components  before  packing  it  into  a  column,  the  preferred  mesh  size 
for  an  one-eighth  inch  (outside  diameter)  column  being  60/80. 
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After  packing,  the  column  must  be  activated  (conditioned),  and 
this  is  done  by  drying  the  column  in  a  vacuum  at  a  temperature  of  about 
150°C.  or  drying  it  in  room  air  at  a  temperature  of  between  200°C.  and 
300°Co  (16:27).  The  column  may  be  conditioned  in  position  in  the  chroma¬ 
tograph,  provided  the  column  outlet  is  not  connected  to  the  detector, 
as  the  exhaust  may  damage  the  efficiency  of  the  detector  elements.. 

It  is  particularly  important  that  any  water  vapour  in  the  respira¬ 
tory  gases  be  removed  before  allowing  the  sample  to  enter  the  chromato¬ 
graph,  where  water  can  reduce  the  efficiency  of  the  silica  gel  column., 
This  reduction  in  efficiency  can  be  remedied  by  re-conditioning  the 
column,  using  the  same  procedures  as  before* 

Silica  gel  columns  are  used  for  the  separation  of  such  gases  as 
acetylene,  carbon  dioxide  and  nitrous  oxide*  As  acetylene  tends  to  react 
with  copper  and  brass  to  form  an  explosive  mixture,  the  use  of  stainless 
steel  columns  and  tubing  throughout  the  areas  of  the  chromatograph  liable 
to  be  in  contact  with  this  gas,  is  recommended  (I6sl20). 

Molecular  sieve,.  This  is  a  trade  name  for  a  number  of  commer¬ 
cially  produced,  artificial  zeolites,  and  it  is  usually  obtained  in  the 
form  of  pellets  that  must  be  ground  down  to  the  required  mesh  sizes. 

There  are  three  types  of  molecular  sieves,  4A  which  is  sodium 
aluminium  silicate,  5A  calcium  aluminium  silicate  and  13X  or  sodium 
aluminium  silicate.  The  effective  pore  diameters  of  each  are  4 
Angstroms,  5A  and  10A,  respectively.  The  molecular  sieve  that  has  the 
widest  application  in  respiratory  gas  analysis  is  5A  (16:30). 

Following  sizing  and  packing,  the  molecular  sieve  may  be  activated 
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by  heating  to  between  350°  and  400°C.  for  two  hours,  and  this  may  be 
done  with  the  column  in  position  but  disconnected  from  the  detector. 

Also,  as  the  molecular  sieve  column  is  conditioned  at  a  higher  tempera¬ 
ture  than  the  silica  gel  column,  a  short,  dummy  column  containing  no 
packing  material  should  be  used  in  place  of  the  silica  gel  column  during 
initial  and  periodic  conditioning  so  that  carrier  gas  may  still  flow 
through  the  molecular  sieve  column.  The  molecular  sieve  column  is  also 
affected  by  water  vapour  and  will  gradually  lose  efficiency  if  satis¬ 
factory  absorbent  material  is  not  used  to  eliminate  it  from  the  samples. 
Carbon  dioxide  is  adsorbed  completely  by  molecular  sieve  and  it  may  be 
removed  from  the  column  together  with  the  water  vapour,  by  periodic 
conditioning.  The  gradual  deterioration  of  the  column  will  be  observed 
as  a  progressive  loss  of  the  ability  to  separate  oxygen  and  nitrogen. 

Molecular  sieves  are  used  to  separate  neon,  helium,  oxygen, 
nitrogen  and  carbon  monoxide. 

For  a  given  sample  volume,  the  critical  separation  of  a  molecular 
sieve  increases  with  an  increase  in  column  diameter,  with  one-quarter 
inch  (outside  diameter),  columns  being  generally  preferred.  This  in¬ 
crease  in  column  diameter  also  has  an  undesirable  effect  of  reducing 
the  sensitivity  to  carbon  monoxide,  but  this  can  be  regained  if  the  flow 
rate  is  reduced.  This  results  in  carbon  monoxide  remaining  in  the 
column  a  longer  time,  which  may  result  in  excessive  broadening,  so  the 
best  compromise  appears  to  be  a  carrier  gas  flow  rate  of  approximately 
200  centimeters/second,  which  is  equivalent  to  a  pressure  drop  of 
approximately  eleven  pounds  per  square  inch  across  a  six  foot  column 
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packed  with  -52/+72  mesh  molecular  sieve  (16)* 

The  ability  of  molecular  sieves  to  separate  oxygen  and  nitrogen 
diminishes  as  the  temperature  of  the  column  increases  above  that  of  room 
air*  As  acetylene  is  usually  the  gas  with  the  longest  retention  time  in 
the  silica  gel  column,  it  is  best  to  experiment  to  find  the  most  satis¬ 
factory  combination  of  carrier  gas  flow  rate  and  temperature  to  allow  for 
the  complete  separation  of  oxygen  and  nitrogen,  and  a  convenient  reten¬ 
tion  time  for  acetylene  without  drastically  altering  column  efficiency* 
Also,  as  carbon  dioxide  and  acetylene  are  completely  adsorbed  in  the 
molecular  sieve  column,  it  is  best  to  have  the  sample  containing  neon, 
oxygen,  nitrogen,  carbon  dioxide,  carbon  monoxide  and  acetylene  to  pass 
through  the  silica  gel  column  first*  The  flow  should  be  shunted  by  the 
column  switching  valve  to  enable  the  two  columns  to  work  with  the  flows 
parallel  rather  than  in  series  after  the  neon,  oxygen,  and  nitrogen 
have  eluted  so  that  the  carbon  dioxide  and  acetylene  will  not  be  able  to 
enter  the  molecular  sieve  column,  but  will  pass  directly  from  the  silica 
gel  column  to  the  detector* 

3 

Other  packing  materials .  Hamilton  and  Kory  (12)  used  Ootoil-S 
(di-2-ethyl  hexyl  sebacate)  on  an  inert  solid  support  to  separate  carbon 
dioxide  and  allow  a  carbon  dioxide-free  composite  to  pass  on  to  a  13X 
molecular  sieve  column*  The  only  gases  separated  for  analysis  in  this 
case  were  oxygen,  nitrogen  and  carbon  dioxide* 

In  a  later  application,  Hamilton,  et.  al*  (13),  used  hexamethyl- 
phosphoramide  (HMPA)  as  a  liquid  phase  on  an  inert  solid  support  to 
analyse  the  standard  respiratory  gases* 
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Despite  the  experiments  with  other  materials,  most  researchers 
appear  to  prefer  the  combination  of  silica  gel  and  molecular  sieve 
columns  for  their  respiratory  gas  analyses.. 

Carrier  Ga s 

Helium  is  usually  preferred  as  a  carrier  gas  as  its  thermal 
conductivity  differs  considerably  from  those  of  the  respiratory  gases, 
thus  providing  large  changes  in  thermal  conductivity  as  each  component 
is  measured  (12:830)o  Helium  is  generally  used  in  the  determination  of 
the  residual  volume  of  the  lung,  but  this  function  may  be  taken  over  by 
any  gas  that  is  inert  in  lung  tissue  and  does  not  pass  into  the  blood 
stream,  and  neon  is  generally  substituted  for  this  purpose,. 

A  molecular  sieve  filter  should  be  installed  in  the  carrier  gas 
line  close  to  the  two-stage  regulator,  so  that  any  impurities  or  water 
vapour  may  be  removed  from  the  gas  before  it  enters  the  chromatograph,. 

Chromatograph  Operation  at  the  University  of  Alberta 

The  gas  chromatograph  used  at  the  Fitness  Research  Unit  of  the 
Faculty  of  Physical  Education  of  the  University  of  Alberta  for  research 
into  pulmonary  function  is  a  Microtek  GC2013M  automatic  operation  unit,. 

The  columns  used  are; 

(a)  Silica  Gel,  60/80  mesh,  6  feet  x  1/8"  outside  diameter 
stainless  steel, 

(b)  Molecular  Sieve,  60/80  mesh,  8  feet  x  l/8"  outside  diameter 
stainless  steel,  and 

(c)  Molecular  Sieve,  80/100  mesh,  3  feet  x  l/8"  outside  diameter 


stainless  steel- 


. 


The  chromatograph  section  of  the  system  is  a  standard  isothermal 
unit  with  a  four  element  thermal  conductivity  cell  using  Gow-Mac  WX  hot¬ 
wire  filaments.  A  heated  valve  oven  contains  a  seven  port  pneumatically 
operated  sampling  valve  and  an  eleven  port  pneumatically  operated 
column  switching  valve.  The  analytical  columns  are  mounted  in  an  oven 
that  is  thermostatically  controlled  by  a  fully  proportional  temperature 
controller. 

A  separate  module  is  fitted  to  provide  for  automatically  con- 

t 

trolled  time  programming  and  this  unit  consists  of  an  automatic  function 
selector  and  a  digital  time  programmer.  The  digital  time  programmer  is 
the  major  component,  determining  the  complete  sequence  of  all  events. 

The  programmer  is  designed  to  operate  one  sampling  valve,  up  to  two 
column  switching  valves,  up  to  six  independent  range  functions  (one  for 
each  gas  analysed),  and  a  reset  mechanism. 

The  automatic  function  selector  receives  time  sequenced  circuit 
closures  from  the  programmer  and  uses  them  to  pfovide  for  the  required 
action.  The  relays  which  operate  the  sample  and  column  switching  valves, 
the  automatic  zero,  the  stepping  switch  which  selects  the  ranges,  and  the 
range  potentiometers  (which  act  as  a  separate  attenuator  for  each  range) 
are  located  in  this  module  (29:1-2). 

The  automatic  zero  is  a  serve-actuated,  null  balancing  potentio¬ 
meter  which  adds  a  voltage  of  equal  magnitude  and  opposite  polarity  to 
the  error  signal  coming  from  the  detector  bridge.  Six  switches  are 
provided  to  allow  zeroing  between  any  of  the  peaks  after  the  range 
signal  is  switched  off.  The  automatic  zero  is  not  operated  while  a 
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range  switch  is  on  (29). 

The  automatic  function  selector  provides  a  separate  potentio¬ 
meter  for  each  range,  and  this  feature  allows  each  peak  to  be  adjusted 
to  the  required  size  for  convenience  of  measurement. 

With  this  particular  design,  the  carrier  gas  passes  from  the 
two-stage  regulator,  into  a  5A  molecular  sieve  filter-drier,  and  from 
there  to  the  pressure  gauge  in  the  instrument  itself.  From  there,  the 
carrier  gas  flow  splits  into  two  separate  streams,  one  stream  passing 
through  the  left  hand  rotameter,  through  the  gas  sampling  valve  and  into 
column  #1  (silica  gel).  From  column  #1  the  stream  passes  through  the 
column  switching  valve,  and,  depending  upon  the  position  of  the  valve, 
goes  to  either  column  #2  (the  long  molecular  sieve  column),  or  through 
variable  restrictor  #1.  From  the  column  switching  valve  the  carrier 
gas  passes  to  one  side  of  the  thermal  conductivity  cell. 

The  carrier  gas  stream  that  passes  from  the  pressure  gauge  to 
the  right  hand  rotameter  goes  through  variable  restrictor  #2  to  the 
column  switching  valve,  and  then  goes  to  either  column  #2  (the  longest 
molecular  sieve  column)  or  through  variable  restrictor  #1,  depending 
upon  the  position  of  the  column  switching  valve.  From  the  restrictor 
the  carrier  gas  stream  then  passes  through  column  #3  (the  short  mole¬ 
cular  sieve  column)  to  one  side  of  the  thermal  conductivity  cell  (29:4). 

In  operation,  a  one  milliliter  sample  is  injected  into  the 
silica  gel  column  with  the  column  switching  valve  set  with  columns  #1 
and  #2  in  series.  Neon,  oxygen,  nitrogen  and  carbon  monoxide  emerge 


from  this  column  unseparated  and  pass  into  the  first  of  the  molecular 
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FIGURE  4:  MICROTEK  GAS  CHROMATOGRAPH  GC2013M 
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sieve  columns  (column  #2).  The  silica  gel  column  retains  carbon  dio¬ 
xide  and  acetylene.  The  molecular  sieve  column  separates  neon,  oxygen 
and  nitrogen,  as  well  as  carbon  monoxide,  in  that  order,  but  as  soon  as 
the  nitrogen  has  eluted,  the  column  switching  valve  is  actuated  causing 
the  carbon  monoxide  to  pass  into  column  #3.  After  the  column  switching 
valve  has  been  actuated,  the  carbon  dioxide  elutes  from  the  silica 
gel  column  followed  by  the  carbon  monoxide  which  has  passed  through 
column  #3  to  the  detectors,  on  a  different  side  of  the  Wheatstone 
Bridge  from  the  other  gases.  Carbon  monoxide  is  thus  opposite  to  the 
others  in  polarity.  After  carbon  monoxide  is  eluted,  acetylene  passes 
from  the  silica  gel  column  to  be  detected. 

Gas  Separation 

Gas  separation  using  this  system  is  by  the  physical  means  of 
elution  analysis,  as  distinct  from  frontal  and  displacement  analysis. 

In  elution  analysis,  the  carrier  gas  passes  continually  through  the 
column  and  the  mixture  to  be  separated  is  introduced  at  the  beginning 
of  the  first  column.  When  the  mixture  enters  the  column  it  is  mostly 
adsorbed,  but  an  equilibrium  between  the  column  and  the  gas  is  set  up 
in  the  interstices  of  the  column  so  that  some  of  the  mixture  always 
remains  in  the  carrier  gas.  This  portion  moves  along  the  column  where 
it  again  equilibrates,  and  the  material  that  was  adsorbed  previously 
begins  to  re-enter  the  gas  phase  to  reach  equilibrium  with  the  clean 
carrier  gas  which  follows  up  the  zone  of  vapour.  The  process  is  shown 
in  Figure  5,  by  arrows  which  show  a  model  of  a  column  with  carrier  gas 
shown  flowing  down  the  left  hand  side  and  the  adsorbent  as  the  stationary 
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FIGURE  5  DIAGRAM  OF  A  PERMEABLY  PACKED  COLUMN 
AND  ITS  IDEALIZATION  IN  WHICH  GAS  AND  ADSORBED 
PHASES  ARE  REPRESENTED  SEPARATELY.  FROM 
LITTLEWOOD  (25:2) 
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phase  on  the  right  hand  side*  "The  interface  between'the  phases  is  used 
as  a  length  abscissa  along  the  column,  and  positive  ordinates  in  each 
phase  represent  the  concentrations  of  the  vapour  therein"  (25:2). 

The  process  continues  with  the  carrier  gas  leading  the  zone 
of  vapour  being  stripped  of  its  components  by  the  adsorbent,  while 
the  vapour  re-enters  the  carrier  gas  at  the  rear  of  the  zone  of  vapour 
until  it  moves  completely  along  the  column  (25). 

A  study  of  the  effect  of  pore  size  upon  the  adsorbative  quali¬ 
ties  of  silica  gel  has  shown  that,  to  a  large  extent,  the  selectivity  of 
the  material  derives  mostly  from  the  molecular  shape  and  size  of  the 
components  of  the  sample  mixture  (34:371). 

The  term  molecular  sieve  explains  the  manner  by  which  separations 
are  achieved  by  these  columns.  The  molecular  sieve  has  an  open  and 
well-defined  structure  that  may  be  compared  to  a  network  of  channels 
having  diameters  no  larger  than  molecules.  The  mean  pathway  for  a 
gas  through  this  material  depends  upon  the  size  and  shape  of  its 
molecules  in  relation  to  the  size  and  shape  of  the  channels  of  the 
molecular  sieve.  The  channels  perform  the  separation  by  retarding 
some  molecules  more  than  others,  and  by  not  affecting  molecules  that 
do  not  fit.  Carbon  dioxide  is  completely  adsorbed  and  is  not  released 
until  the  column  is  heated  to  high  temperatures  (12:829). 

The  Problem  of  Argon 

When  respiratory  gases  are  analysed  by  conventional  means,  argon 
is  included  with  the  nitrogen  concentration.  However,  in  gas  chroma¬ 
tographic  analysis,  the  argon  peak  elutes  at  the  same  time  as,  and  is 
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indistinguishable  from,  the  oxygen  peak.  No  practical  techniques  have 
yet  been  devised  that  will  perform  a  separation  of  argon  from  oxygen, 
so  a  correction  factor  should  be  determined  for  use  when  knowledge  of 
the  absolute  concentration  of  oxygen  is  required.  Argon  exists  in  the 
atmosphere  at  a  concentration  of  approximately  0.94  per  cent,  but  to 
merely  subtract  this  constant  from  the  oxygen  concentration  derived 
from  chromatographic  analysis  is  not  a  satisfactory  solution. 

An  empirical  correction  must  be  applied  to  account  for  that  part 
of  the  height  of  the  oxygen  peak  that  is  due  to  the  presence  of  argon. 
The  method  reported  by  Hamilton  and  Kory  (12),  may  be  used  to  make 
this  correction.  They  used  the  following  equation  to  determine  the 
corrected  height  of  the  oxygen  peak: 

Calc.  PHsq2  -  FgQ^  x  PHRq2  /  Fr0. 

where: 

PH  =  peak  height  > i'n  millimeters, 

SC>2  =  unknown  sample  of  oxygen, 

F  =  fractional  concentration  (determined  by  Scholander 

analysis),  and 

RC>2  =  reference  sample  of  oxygen. 

The  difference  between  the  observed  oxygen  peak  height  and  the 
calculated  oxygen  peak  height  was  assumed  to  be  due  to  the  presence  of 
argon  in  the  sample.  Argon  is  chemically  inert,  and  its  concentration 
in  the  expired  air  is  related  to  the  nitrogen  concentration  in  the  same 
sample,  and  this  relationship  may  be  expressed  by  the  equation: 
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Obs.  PHy0_  -  Calc.  PHhq^  =  (C)  x  PH 


UO, 


VNr 


where: 


PH 


UN, 


(C) 


Obs, 


peak  height  for  the  unknown  sample  of  nitrogen  at 
the  same  attenuation  as  that  used  for  oxygen, 
the  empirically  determined  constant,  0.015  in  the 
study  quoted, 
observed. 


The  correction  factor  for  argon  could  then  be  expressed  by  the 
equation  (12): 

Corn.  PHu02  =  Obs.  PH^  -  (C)  x  PHuN2 
and  the  corrected  oxygen  concentration  in  the  respiratory  gas  samples 
could  be  determined  by: 


'UO^ 


=  F 


Rq2  x  (Corr‘  phuo2/phro2) 


It  is  essential  that  the  reference  gas  used  must  not  contain 
argon,  the  nitrogen  added  to  the  mixture  being  pure  and  not  derived 
from  room  air.  All  other  gas  mixtures  required  for  the  following 
techniques  should  be  made  up  so  that  nitrogen  is  added  to  each  mixture 
in  the  form  of  air  rather  than  pure  nitrogen  in  order  that  the  correc¬ 
tion  factors  can  be  applied  with  consistency  (24:145). 

It  has  been  reported  though,  that  for  samples  collected  from 


subjects  breathing  gas  mixtures,  the  need  for  a  correction  factor  is 
eliminated  if  the  inspired  gas  mixture  is  used  as  the  reference  (12:836). 
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CHAPTER  IV 


METHODS  FOR  THE  DETERMINATION  OF  RESPIRATORY  EFFICIENCY 

AND  CARDIAC  FUNCTION 

The  two  relevant  methods  of  determining  the  respiratory  efficiency 
and  cardiac  function  are: 

(a)  the  single-breath  method  for  determining  the  diffusing 
capacity  of  the  lung  for  carbon  monoxide  (9>10,3l),  and 

(b)  the  single-breath  method  for  determining  the  pulmonary 
capillary  blood  flow. 

Before  discussion  of  these  techniques  in  turn,  it  is  appropriate 
that  the  design  of  the  apparatus  used  in  the  measurement  of  these 
parameters  be  discussed  in  full. 

Apparatus  for  the  Single- Breath  Studies 

Although  a  commercially  produced,  complete  unit  is  available, 
the  collection  system  for  sampling  the  expired  gases  is  not  satisfac¬ 
tory  for  the  determination  of  pulmonary  capillary  blood  flow  and  the 
expense  involved  may  be  greatly  reduced  by  making  use  of  equipment 
already  available  in  most  laboratories,  and  having  other  equipment  made 
to  specification. 

Re  spiration  circuit, .  In  order  to  provide  a  sufficient  quantity 
of  a  special  gas  mixture  to  meet  the  requirement  for  an  inspiration  to 
forced  residual  capacity  of  the  largest  subjects,  a  Donald-Christie 
Bag-in-a-Box  should  be  used,  or  failing  this,  a  twelve  liter  glass 
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bottle  approximately  eighteen  inches  high  and  with  a  neck  suitable  'for  a 
large  sized  stopper  (preferably  four  inches  or  more),  may  be  specially 
made  by  glass  blowers  for  a  reasonable  cost. 

Two  one  and  one-quarter  inch  holes  must  be  drilled  through  the 
stopper  and  stainless  steel  T-unions  made  from  one  and  one-quarter  inch 
outside  diameter  tubing  should  be  fitted  through  these  holes.  One  of  the 
T-unions  should  have  a  long  vertical  arm  that  should  extend  about  two  inche 
into  the  bottle  from  below  the  base  of  the  stopper.  To  this  projection  is 
fitted  a  polyvinyl  plastic  meteorological  balloon  which  will  serve  as  the 
reservoir  of  the  special  inspiration  gas  mixture,  or  Inspiration  Bag. 

A  length  of  one  and  one-quarter  inch  inside  diameter  polyvinyl  thin 
wall  plastic  tubing  is  used  to  connect  the  T-piece  fitted  to  the  bag,  to 
a  one-way  valve  (to  prevent  a  subject  blowing  back  into  the  bag)  and 
this  valve  is  fitted  to  a  Hans  Rudolph  four-way  valve.  The  other  end  of 
this  T-union  is  sealed  with  a  stopper,  but  a  small  tube  is  passed 
through  the  centre  and  fitted  externally  with  a  small  stopcock.  This  is 
to  permit  the  inspiration  system  to  be  evacuated  before  each  series  of 
tests,  and  for  dilling  the  bag  with  the  inspiration  mixtures. 

One  of  the  adjacent  outlets  from  the  Hans  Rudolph  valve  is  used 
to  supply  the  subject  with  room  air  while  he  is  getting  ready  for  the 
test,  while  the  other  is  used  for  exhalation  after  breath  holding,  and 
collection  of  the  expired  or  "alveolar"  sample. 

Henceforth,  all  the  ports,  not  including  the  mouthpiece,  will  be 
identified  as  follows: 

(a)  the  port  supplying  normal  air  direct  from  the  atmosphere 
will  be  known  as  Port  #1, 
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(b)  the  port  supplying  the  special  gas  mixture  will  be  known  as 
Port  #2, 

(c)  the  port  leading  to  the  expiration-collection  system  will  be 
referred  to  as  Port  #3,  and 

(d)  the  remaining  port,  leading  to  atmospheric  air,  will  be 
known  as  Port  #4. 

These  ports  should  be  selected  in  such  a  way  that  the  subject  may 
be  switched  directly  from  Port  #1  to  Port  #2,  and  then  to  Port  #3  and 
to  Port  #4  in  sequence,  with  a  clockwise  (or  anti-clockwise,  if  pre¬ 
ferred)  turn  of  the  control  tap. 

From  Port  #3,  exhaled  gases  pass  directly  through  an  eight  inch 
by  one  and  one-quarter  inch  outside  diameter  stainless  steel  tube  which 
has  been  drilled  and  fitted  with  three  nipples  that  fit  straight  on  to 
stopcocks  attached  to  the  three  fifty  milliliter  syringes  that  comprise 
the  collection  apparatus  of  the  automatic  syringe  sampling  system.  The 
stainless  steel  tube  is  then  connected  by  one  and  one-quarter  inch  inside 
diameter  flexible  plastic  tubing  to  the  other  T-union  fitted  to  the  bag- 
in-the-bottle  system.  Another  flexible  plastic  tube  connects  the  other 
side  of  this  T-union  to  a  13^  liter  wet  spirometer.  In  this  way, 
inspired  volumes  may  be  recorded  on  ‘the  spirometer  recording  paper 
because  a  volume  drop  in  the  inspiration  bag  due  to  inhalation  is 
balanced  by  a  drop  in  volume  of  the  spirometer.  Expired  volume  can  be 
recorded  directly. 

The  second  spirometer  outlet  is  fitted  with  a  detachable  stopper 
so  that  the  expiration  system  can  be  flushed  out  after  each  trial. 

All  metal  connections  should  be  made  from  stainless  steel  because 
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13.5  liter 
Spirometer 


FIGURE  6  APPARATUS  FOR  USE  WITH  THE  SINGLE 

BREATH  TECHNIQUE 
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of  the  fact  that  acetylene  reacts  with  brass  and  copper  (l6:120)o 

All  tubing  and  bags  should  be  polyvinyl  plastic  material  as 
acetylene  diffuses  rapidly  into  rubber,  and  after  a  time,  the  rubber 
becomes  hyper-saturated  and  releases  acetylene  back  into  the  system. 

If  a  Donald-Christie  box  is  used,  the  inspiration  bag  should  be 
connected  in  the  same  way  as  discussed  above,  and  the  box  outlet  should 
be  fitted  into  the  expiration  circuit. 

Electrical  switches  and  the  automatic  syringe  sampler.  The  com¬ 
plete  cumulative  inspiration  recording  system  of  the  13ir  liter  spiro¬ 
meter  is  removed  and  replaced  by  a  quarter  inch  square  section  rod  as 
high  as  the  tank  of  the  spirometer,  which  is  fitted  with  a  base  and 
attached  to  the  body  of  the  spirometer.  This  rod  is  fitted  with  a 
simple  switch  that  can  be  moved  up  and  down  the  rod  and  tightened  to 
remain  in  any  required  position.  The  switch  must  be  designed  so  that 
an  upward  movement  of  a  striker  arm  attached  to  the  pen  support  of  the 
inspiration-expiration  recorder  (which  occurs  during  inspiration)  will 
not  complete  an  electrical  circuit,  but  a  downward  movement  (during 
expiration  of  the  subject)  will  cause  the  contacts  to  be  forced  together 
for  sufficient  time  to  complete  a  circuit. 

The  signal  from  the  switch  passes  into  a  control  unit  which 
enables  the  operator  to  select  the  syringe  that  is  to  be  used  for 
collection  of  the  sample.  The  electrical  signal  from  the  switch, 
interpreted  by  the  control  unit,  then  releases  a  catch  that  holds  the 
appropriate  syringe  closed  and  empty.  A  spring  automatically  pulls 
back  the  stopper  of  the  syringe  and  a  fifty  milliliter  sample  of  the 
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expired  gases  is  collected.  Three  syringes  are  fitted  to  the  sampler 
unit  at  the  University  of  Alberta,  so  that  investigation  may  be  made  of 
the  effects  of  sampling  at  different  points  during  expiration  of  the 
special  gas  mixture.  In  this  case,  three  switches  are  fitted  along  the 
rod  on  the  spirometer  and  a  circuit  modification  in  the  control  box 
is  required  to  allow  the  three  syringes  to  sample  in  sequence. 

For  normal  use,  the  control  unit  may  be  simplified  to  operate 
one  syringe  only  during  a  trial,  and  the  automatic  sampler  need  be 
fitted  with  only  one  syringe.  (The  control  unit  circuit  diagram  for 
this  type  of  use  is  shown  in  Appendix  B  and  the  design  of  a  three- 
syringe  automatic  sampler  is  shown  in  Appendix  A.) 


Special  Inspiration  Ga s  Mixtures 

For  the  measurement  of  diffusing  capacity  of 
monoxide  and  pulmonary  capillary  blood  flow,  the 
used.  This  mixture  contains; 


Ga  se  s 
Neon  (Ne) 

Oxygen  (Op) 

Nitrogen  (Np)  (from  air) 

Carbon  Monoxide  (CO) 

Acetylene  (CpH^) 

A  small  reference  gas  cylinder 


the  lung  for  carbon 
same  gas  mixture  is 

Suggested  Concentrations 

0.25  -  0.50  per  cent 
20.00  per  cent  approximately 
79.00  per  cent  approximately 
0.20  -  0.30  per  cent 
0.20  -  0.40  per  cent 
to  be  used  for  calibration  of  the 


gas  concentration  of  the  other  cylinders  and  for  adjustment  of  the 
ranges  of  automatic  gas  chromatograph,  should  be  purchased  containing 
neon,  oxygen,  nitrogen,  carbon  monoxide,  acetylene  and  carbon  dioxide 
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(approximately  six  per  cent). 

The  analysis  of  this  mixture  should  be  guaranteed  and  accurate  to 
the  second  decimal.  The  nitrogen  in  this,  mixture  must  be  pure  to  ensure 
that  no  argon  is  present. 

Such  certified  mixtures  are  available  from  the  Matheson  Company 
of  Whitby,  Ontario  and  normal  mixtures  are  available  from  Canadian  Liquid 
Air  of  Montreal,  Quebec. 

Experimental  Procedure 

This  procedure  is  common  to  both  techniques,  and  the  calcula¬ 
tions  may  be  made  from  the  sample  chromatogram  analysis  of  the  sample 
drawn  after  the  breath-holding  period. 

The  subject  is  allowed  to  rest  quietly  for  several  minutes  after 
arriving  in  the  laboratory,  during  which  time  the  procedure  is  explained 
ahd  demonstrated.  The  inspiration  bag  is  then  evacuated,  filled  with 
the  inspiration  mixture,  flushed  through  the  mouthpiece  and  re-filled. 

A  sample  is  drawn  from  the  circuit  and  analysed  by  the  chromatograph. 

The  subject  is  then  fitted  with  a  nose  clip  and  brought  to  the 
mouthpiece  on  the  four-way  valve  (flushed  with  air  to  eliminate  traces 
of  the  inspiration  gas)  and  allowed  to  breathe  through  Port  #3  into  the 
expiration  circuit.  The  subject  is  instructed  to  inhale  maximally, 
and  then  to'exhale  maximally  so  that  the  total  lung  capacity  can  be 
recorded.  This  procedure  is  repeated  several  times  (the  carbon  dioxide 
absorber  is  removed  so  the  spirometer  must  be  flushed  out  each  time)  so 
that  an  average  total  lung  capacity  can  be  calculated.  The  subject  is 
then  asked  to  repeat  the  same  procedure,  but  to  inhale  as  much  as  possible 
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without  straining.  This  inspiration  should  be  about  200-300  milli¬ 
liters  short  of  the  total  lung  capacity.  The  reproducibility  of  this 
inspiration  is  stressed,  and  the  subject  is  allowed  several  repetitions 
to  enable  him  to  get  used  to  inspiring  to  the  same  level  each  time. 

The  subject  is  then  allowed  to  rest,  and  the  electrical  switch 
is  positioned  on  its  shaft  so  that,  if  the  subject  continues  to  make 
inspirations  to  a  reproducible  inspired  volume,  the  striker  arm  will 
activate  the  switch  on  expiration,  after  800  milliliters  (equivalent  to 
the  dead  space)  has  been  exhaled.  It  may  be  of  assistance  to  mark  the 
required  inspiration  level  on  the  spirometer  chart  so  the  subject  may 
see  it. 

The  subject  is  then  readied  for  the  series  of  trials,  and  fitted 
with  electrocardiograph  leads,  a  nose  clip  and  mouthpiece.  The  tap  on 
the  Hans-Rudolph  valve  is  turned  so  that  the  subject  breathes  room  air 
through  Port  #1.  The  electrocardiograph  may  be  run  for  the  duration  of 
the  trial  at  a  slow  speed  and  a  stimulus  button  used  to  mark  the  record 
during  the  breath-holding  period. 

On  request,  the  subject  completely  exhales  through  Port  #1  and 
signals  by  snapping  his  fingers  when  he  can  exhale  no  more  air.  At  this 
signal  the  control  tap  is  turned  to  Port  #2  and  the  subject  told  to 
inhale  as  rapidly  as  possible  to  the  required  volume  and  to  then  hold 
his  breath.  When  breath-holding  commences,  the  control  tap  is  turned  to 
a  neutral  position  between  Ports  #2  and  #3  so  that  no  air  exchange  can 
occur. 

At  the  end  of  the  desired  breath-holding  period,  which  may  be 
between  three  and  four  seconds  or  between  seven  and  ten  seconds,  the  tap 
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is  turned  to  Port  #3  and  the  subject  is  instructed  to  exhale  rapidly. 
After  the  sample  has  been  collected,  the  control  tap  is  turned  to  Port 
#4  and  the  subject  is  allowed  to  remove  the  mouthpiece. 

The  collection  syringe  should  be  removed  from  the  apparatus 
immediately  and  flushed  through  the  chromatograph.  After  a  one  or 
two  second  delay  to  allow  pressures  to  equalise,  the  chromatograph 
sample  injector  is  activated  and  the  sample  taken  up  for  analysis. 

A  five  to  ten  minute  rest  period  should  be  allowed  between  trials 

t 

and  the  length  of  this  period  may  coincide  with  the  analysis  time  of 
the  chromatograph,  so  that  collected  samples  need  not  be  left  in  storage 
This  rest  period  is  to  allow  the  special  gases  to  be  removed  completely 
from  the  lungs,  and  a  two  to  four  minute  period  is  sufficient.  There 
should  be  at  least  four  repetitions  at  rest  so  that  sufficient  points 
can  be  calculated  of  the  disappearance  curves  of  the  two  gases.  Two 
of  these  trials  should  be  at  short  breath-holding  times,  and  two  at 
longer  breath-holding  times.  For  exercise  trials,  a  maximal  breath¬ 
holding  time  of  five  seconds  is  recommended,  both  for  the  convenience 
of  the  subject  anct  more  important,  to  ensure  that  there  is  no  re-circula 
tion  of  acetylene. 

Diffusing  Capacity  of  the  Lung  for  Carbon  Monoxide 

The  transfer  of  gases  across  the  pulmonary  membrane  from  the 
alveoli  to  the  capillaries,  and  vice  versa,  is  performed  by  a  process  of 
diffusion.  If  diffusion  is  expressed  in  terms  of  pressure,  then  gases 
will  move  from  an  area  of  high  gas  pressure  to  an  area  of  low  gas 
pressure  until  equilibrium  is  attained,.  The  speed  with  which  the 
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equilibrium  is  reached  is  related  to  the  pressure  difference  across 
a  membrane  that  exists  between  the  two  areas  of  differential  pressure. 

In  the  lung,  this  pressure  difference  is  termed  the  alveolo-capil lary 
pressure  gradient.  Most  gases  reach  an  equilibrium  within  the  lung  very 
rapidly  and  the  amounts  of  these  gases  that  can  be  transferred  are 
limited  only  by  ventilation  and  blood  flow.  Due  to  the  fact  that 
oxygen  and  carbon  monoxide  combine  chemically  with  the  haemoglobin, 
much  greater  quantities  of  these  gases  must  be  transferred  before 
equilibrium  can  be  reached.  Under  certain  conditions,  as  when  the 
efficiency  of  the  membrane  is  impaired,  oxygen  and  carbon  monoxide 
cannot  reach  equilibrium  during  the  time  that  the  blood  remains  in  the 
capillaries  (13:18). 

Tests  of  pulmonary  diffusing  capacity  are  made  in  order  to  evaluate 
the  efficiency  of  the  transfer  of  gases  from  the  lung  to  the  capillaries. 

The  measure  of  pulmonary  diffusing  capacity  relates  the  transfer 
of  gas  to  the  difference  in  the  mean  pressure  of  that  gas  between  the 
alveoli  and  the  capillaries.  This  may  be  expressed  by  the  equation  (13: 
17): 

Diffusing  Capacity  (DL)  =  Quantity  of  Gas  Transferred 

Mean  alveolar  pressure  of  the  gas- 
Mean  pulmonary  capillary  pressure 
of  the  gas 

Diffusing  capacity  of  the  lung  is  affected  by  two  factors,  the 
effective  surface  area  of  the  lung  and  the  thickness  of  the  pulmonary 
membrane.  The  rate  of  transfer  of  gas  into  the  pulmonary  capillaries 
is  proportional  to  the  area  available  for  gas  transfer,  and  if  the  area 
is  reduced  by  damage  or  removal  of  some  of  the  alveoli,  gas  transfer  is 
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reduced  per  unit  time  (13).  Similarly,  if  the  surface  area  is  increased 
through  greater  expansion  of  the  lung,  gas  transfer  may  be  increased 
(30;498) . 

The  rate  of  gas  transfer  is  inversely  proportional  to  the  dis¬ 
tance  that  the  gas  must  diffuse  and  consequently,  if  the  membrane  is 
thickened,  there  will  be  a  reduction  in  the  amount  of  gas  transferred 
across  the  membrane  per  unit  time  (13:18). 

The  measurement  of  the  diffusing  capacity  of  the  lung  for  oxygen 
is  difficult  as  separate  analyses  are  required  of  the  oxygen  tension  of 
the  alveoli,  the  pulmonary  vein  and  the  pulmonary  artery,  and  a  mathe¬ 
matical  derivation  of  the  mean  gas  tension  in  the  alveolar  capillaries 
must  be  calculated.  Although  the  technique  has  been  used,  it  is  diffi¬ 
cult  and  time-consuming.  It  is  usual  to  measure  the  diffusing  capacity 
of  the  lung  in  terms  of  the  transfer  of  carbon  monoxide  across  the 
membrane . 

Carbon  monoxide  combines  readily  with  haemoglobin,  and  is  present 
in  the  blood  in  extremely  small  concentrations.  As  carbon  monoxide 
bonds  readily  with  haemoglobin,  the  capillary  gas  tension  will  remain 
at  approximately  zero  provided  that  the  subject  refrains  from  smoking 
for  several  hours  before  the  test.  Therefore,  only  the  rate  of  carbon 
monoxide  transfer  and  the  alveolar  carbon  monoxide  tension  need  be 
measured  in  order  to  calculate  the  diffusing  capacity  (13:19). 

If  the  alveolar  tension  of  carbon  monoxide  is  known  for  two  points 
of  time,  then  the  rate  of  the  disappearance  of  carbon  monoxide  into  the 
alveolar  capillaries  may  be  determined.  The  slope  of  the  disappearance 
rate  may  be  assumed  to  follow  a  linear  exponential  disappearance  curve 
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and  this  slope  may  be  used  in  the  calculation  of  the  rate  of  gas  trans- 
fer  for  determining  the  diffusing  capacity  of  the  lung  for  carbon  mono¬ 
xide. 

The  single  breath  technique  is  based  upon  the  assumption  by 
Krogh  (22),  that  the  rate  of  disappearance  of  carbon  monoxide  from  the 
alveolar  gas  during  a  breath-holding  period  is  proportional  to  the 
concentration  present.  The  Krogh  technique  involved  breathing  a  mix¬ 
ture  of  carbon  monoxide  in  room  air,  and  immediately  expelling  about  a 
liter  of  that  air  and  holding  the  remainder  in  the  lungs  for  a  period  of 
time.  The  sample  taken  immediately  after  inspiration  was  assumed  to  be 
equivalent  to  the  concentration  within  the  lungs  before  gas  transfer 
could  occur.  The  breath-holding  time  was  timed  from  the  end  of  the 
collection  of  the  first  sample  to  the  end  of  collection  of  the  second 
sample. 

The  Krogh  method  was  modified  by  Forster  and  his  co-workers  (9, 

10)  and  standardised  for  clinical  measurement  by  Ogilvie,  e_t  aj^.  (31). 
Helium  or  some  other  suitable  inert  gas  was  found  to  be  suitable  for  use 
in  determining  the  dilution  of  the  inspired  gas  mixture  in  the  residual 
air  of  the  lung  so  that  the  initial  concentration  of  the  gases  at  the 
alveoli  could  be  calculated. 

Gas  chromatography  has  been  applied  to  the  analysis  of  the  exhaled 
gases,  and  as  helium  is  commonly  used  as  a  carrier  gas  with  this  type  of 
analysis,  neon  was  substituted  for  helium  for  the  measurement  of  dilution. 

Calculations.  In  all  calculations  involving  fractional  concentra¬ 
tions  of  the  gases,  it  is  convenient  to  use  the  chromatographic  peak 
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height  response  directly,  instead  of  making  additional  calculations.  If 
this  is  to  be  done  though,  the  alveolar  samples  must  be  compared  to 
samples  of  the  gases  taken  from  the  inspiration  bag  prior  to  breath¬ 
holding.  This  procedure  is  followed  throughout  the  computer  programme 
developed  to  assist  in  reducing  the  time  required  for  treatment  of  the 
data. 


Several  preliminary  calculations  must  be  made  before  the  main 
diffusing  capacity  equation  is  computed.  These  relate  to  the  determina¬ 
tion  of  the  inspired  volume,  breath-holding  time  and  alveolar  volume. 

The  measurement  of  the  inspired  volume,  breath-holding  time,  peak 
height  responses  of  the  inspiration  bag  sample  and  those  of  the  alveolar 
sample,  are  all  the  manual  calculations  that  are  required  if  the  computer 
programme  is  used. 

1.  Inspired  volume.  This  may  be  measured  directly  from  the 
spirometer  recording  for  each  trial  and  corrected  for  standard  tempera¬ 
ture  and  pressure  (dry). 

2.  Alveolar  volume  ( STPD) .  The  alveolar  volume  Is  the  actual 
volume  of  the  lung  from  which  diffusion  takes  place.  It  is  calculated 
by  the  following  equation: 

VA( STPD)  =  Vi (STPD)  x  FI[te  /  FANe 
where: 


VA( STPD) 
Vj(STPD) 

FINe 

'ANe 


=  alveolar  volume  STPD,  in  milliliters, 

=  inspired  volume  STPD,  in  milliliters, 

=  fractional  concentration  of  neon  in  the  inspired  gas 
mixture, 

=  fractional  concentration  of  neon  in  the  alveolar  sampl 
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3.  Breath-holding  time.  If  the  spirometer  kymograph  drum  is 
switched  to  its  fast  speed  during  the  test  period,  the  breath-holding 
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time  may  be  read  directly  from  the  chart  on  the  drum,  as  it  is  calibrated 


vertically  at  one  second  intervals  (one  second  equals  32  millimeters  of 
chart  travel)- 

In  an  analysis  of  the  reported  anomalies  of  the  technique,  Jones 
and  Meade  (17)  found  that  the  anomalies  were  eliminated  when  using 
different  breath-holding  times,  if  the  time  was  calculated  using  a 
correction  for  a  positive  intercept  in  the  disappearance  slope  of  carbon 
monoxide.  The  time  required  for  the  slope  to  reach  unity  was  found  to 
be  equivalent  to  three-tenths  of  the  inspiration  time.  Therefore,  the 
breath-holding  time  is  equal  to  the  time  from  the  beginning  of  inspira¬ 
tion,  to  the  mid-point,  in  time,  of  the  sampling  period,  less  three- 
tenths  of  the  inspiration  time. 

4.  Diffusing  capacity  of  the  lung  for  carbon  monoxide.  The 
equation  used  for  the  calculation  of  this  parameter  was  given  by  Krogh 
(22),  and  is  still  applicable. 
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where: 


=  diffusing  capacity  of  the  lung  for  carbon  monoxide  in 
milliliters  carbon  monoxide  STPD/minute/millimeters 
of  mercury  carbon  monoxide  tension, 


=  alveolar  volume  STPD  in  milliliters, 

(Pg-47)=  barometric  pressure  less  the  pressure  of  water  vapour 
in  the  alveolar  volume, 


At 


=  breath-holding  time  in  seconds, 
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logn  -  natural  logarithm, 

F,co  q  -  the  initial  concentration  of  carbon  monoxide  in 

the  lung  before  diffusion  occurs-  This  is  derived 
from  the  equation:  F^ Q  =  FIcq  x  FANe/FlNe  (where 

Fj^q  is  the  concentration  of  carbon  monoxide  in 
the  inspired  mixture,  F^  is  the  concentration 

of  neon  in  the  alveolar  sample,  and  Ft  is  the 
•  1  ^  N  0 

concentration  of  neon  in  the  inspired  neon. 

F^  =  the  fractional  concentration  of  carbon  monoxide 

^O.t  in  the  alveolar  sample. 

This  equation  may  be  used  for  the  individual  calculation  of  each 
trial  at  rest,  and  must  be  used  for  the  exercise  calculations.  It  is 
possible  to  use  an  equation  using  the  average  alveolar  volume  of  the 
resting  trials,  in  an  equation  using  the  slope  of  the  disappearance  of 
carbon  monoxide.  The  slope  of  carbon  monoxide  is  determined  by  drawing 


a  graph  with  breath-holding  time  on  the  X  axis  and  the  logarithm  of  the 

equation  (Fa  /f.  )  on  the  Y  axis.  It  is  convenient  to  use  semi- 

CO.  t  ^go.  0 

logarithm  paper  for  this  purpose.  A  regression  line  is  drawn  through  the 
points  (derived  from  four  resting  trials  at  various  breath-holding 
times)  and  the  logarithm  of  the  slope  calculated  for  a  ten-second  period 
is  used  in  the  following  equation  (18): 

FAco  £  after  2  seconds 


13816 

(Pg_47)  x  in  liters  x  log 


FaCO. o 

pAco.t 


after  12  seconds 


FaCO.o 


Both  equations  are  included  in  the  computer  programme,  with  all 
trials  worked  out  individually  in  Columns  #1  to  #7  of  the  matrix  array 
and  by  the  slope  method  in  column  #8  of  the  answer  matrix;  a  similar 
presentation  is  made  in  the  titled  answer  sheet  with  the  answer  calculated 
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by  the  slope  method  given  opposite  the  title,  and  the  seven  individual 
answers  given  below- 

Discussion,,  The  early  studies  by  Forster,  e_t  jlI.  (9,10)  and 
Ogilvie,  e_t  jh.  (31)  indicated  that  the  estimate  of  diffusing  capacity 
of  the  lung  for  carbon  monoxide  varied  with  breath-holding  time, 
inspiration  time  and  the  manner  in  which  the  sample  was  collected,, 

Uneven  distribution  of  the  inspired  mixture  was  thought  to  be  the 
reason  for  these  anomalies,  but  Jones  and  Meade  (17)  showed  that,  if 
the  breath-holding  time  was  modified  by  making  a  correction  for  changes 
in  the  alveolar  concentration  of  carbon  monoxide  during  inspiration  and 
expiration,  and  if  small  samples  were  taken,  these  anomalies  would  be 
corrected,.  The  authors  did  not  imply  that  the  lung  gases  were  evenly 
distributed,  but  felt  that  the  normal  complexity  of  distribution  was  not 
observable  by  the  technique,. 

Apart  from  the  problem  with  diffusing  capacity  decreasing  with 
increases  in  breath-holding  time,  which  was  explained  above,  Ogilvie, 
et  al.  (31)  reported  the  following  factors  that  influenced  diffusing 
capacity  measurements; 

1.  The  portion  of  the  exhalate  sampled-  This  was  believed  to 
be  likely  to  affect  the  measurement  of  diffusing  capacity  of  the  lung 
for  carbon  monoxide,  but  if  the  first  750  milliliters  of  exhaled  air 
is  allowed  to  pass  through  the  collection  system  before  sampling,  it 
was  found  that  it  did  not  matter  which  part  of  the  exhalate  was  collected 
and  used  to  make  the  computations  as  there  was  only  an  average  discrepan¬ 
cy  of  10  per  cent-  Therefore, 
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.  .  .Even  if  the  inspired  gas  is  distributed  unevenly  to  the 
different  alveoli,  if  it  is  distributed  without  regard  to  the 
diffusing  capacity  of  each  alveolus,  any  sample  of  expired 
alveolar  gas  will  give  the  same  value  of  DL  as  any  other, 
albeit  not  the  correct  total  (31:5) 

2.  Intra-thoracic  pressure.  There  is  a  development  of  pressure 
in  the  lungs  during  breath-holding,  whether  the  chest  is  relaxed  or  not, 
The  measurement  of  diffusing  capacity  during  the  performance  of  a 
Valsalva  Manoeuvre  decreases  the  value  of  diffusing  capacity  by  up  to 
17  per  cent  and  the  increases  in  pressure  would  be  expected  to  have 
some  effect  upon  the  cardiac  output  because  of  the  constriction  of  the 
great  veins.  For  this  reason,  it  is  best  that  the  volume  of  the  gas 
taken  into  the  lung  for  breath-holding  be  limited  to  about  200  milli¬ 
liters  below  the  total  lung  volume  (about  functional  residual  capacity) 
(30:493) . 

3.  Variation  in  lung  volume.  These  did  not  appear  to  have  an 
excessive  effect  upon  the  measurements  of  diffusing  capacity,  although 
a  study  by  Miller  and  Johnson  (30)  did  indicate  that  there  was  a  signi¬ 
ficant  increase  in  diffusing  capacity  due  to  an  increase  in  membrane 
diffusion  of  the  lung  with  inflation  from  functional  residual  capacity 
to  total  lung  capacity. 

4.  Body  position.  The  postural  position  of  the  subject  during 
the  test  had  an  effect  upon  diffusing  capacity,  with  measurements  taken 
with  the  subject  supine  being  significantly  greater  than  those  recorded 
with  the  subject  in  other  positions. 

5.  Variations  in  alveolar  oxygen  tensions.  Diffusing  capacity 
of  the  lung  for  carbon  monoxide  decreases  as  the  oxygen  tension  in  the 
alveoli  is  raised.  If  a  subject  breathes  pure  oxygen,  the  diffusing 
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capacity  value  may  be  halved. 


6.  The  importance  of  venous  carbon  monoxide  back-pressure.  If  a 
subject  has  a  significant  amount  of  carbon  monoxide  already  bonded  to 
the  haemoglobin  in  the  red  blood  cells  due  to  heavy  smoking,  further 
diffusion  of  carbon  monoxide  across  the  membrane  will  be  impeded  because 
of  the  plasma  carbon  monoxide  tension  that  will  exist  in  equilibrium 
with  that  bonded  to  the  haemoglobin.  For  this  reason,  back-pressure  of 
carbon  monoxide  should  be  calculated  if  smokers  are  tested  and  a  correc¬ 
tion  made  to  allow  for  this  back-pressure  in  the  computations. 

This  correction  was  not  included  in  the  equations  that  formed  the 
basis  for  the  computer  programme  included  in  this  study  as  the  subjects 
drawn  from  the  university  population  can  usually  be  relied  upon  to 
refrain  from  smoking  for  several  hours  before  a  test.  In  extreme  cases 
an  eight  per  cent  error  coud  be  generated  by  the  operation  of  this  factor. 

7.  Repetition  of  the  test.  The  inspired  gases  can  be  expected 
to  be  removed  from  the  lung  after  approximately  two  minutes  of  resting 
breathing.  There  will  be  an  increase  in  the  back-pressure  of  carbon 
monoxide  after  each  breath-holding  test,  but  this  increase  was  found  to 
be  insignificant  even  when  several  repetitions  of  the  test  were  made  in 
quick  succession. 

8.  The  effects  of  exercise.  A  moderate  to  heavy  exercise  can 
produce  46  per  cent  increases  in  the  diffusing  capacity  of  the  lung  for 
carbon  monoxide.  These  changes  may  be  expected  to  return  to  normal 
within  two  to  three  minutes  of  the  cessation  of  the  exercise.  For 
standardisation  of  the  test  procedure,  it  is  best  to  allow  the  subject 
to  rest  quietly  for  several  minutes  before  performing  resting 
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determinations,  so  that  the  effects  of  any  exercise  involved  in  coming 
to  the  laboratory  may  be  eliminated. 

9*  The  effects  of  body  surface  area.  Diffusing  capacity  was 
found  to  be  correlated  to  weight,  height  and  body  surface  area,  and 
there  was  a  general  increase  with  increasing  body  size.  Thus,  body 
surface  area  should  be  taken  into  account  when  predicting  a  subject's 
normal  diffusing  capacity. 

These  factors  all  point  to  the  necessity  of  developing  a  stan¬ 
dardised  testing  procedure.  In  particular,  the  position  of  the  subject 
when  tested,  his  smoking  prior  to  the  test,  his  recovery  from  any 
exercise  involved  in  attending  the  laboratory,  his  activity  while  at 
the  laboratory  and  the  conduct  of  the  experiment  itself  should  be 
rigorously  controlled. 

Ogilvie,  et,  al. .  (31:11)  presents  data  to  indicate  that  the 
average  normal  diffusing  capacity  of  the  lung  for  carbon  monoxide  is 
24.9  milliliters  per  minute  per  millimeter  of  mercury.  A  prediction 
formula  was  developed  using  the  equation: 

Dl  =  Body  surface  area  (in  square  meters)  x  18.85  -  6.8. 

L/U 

Pulmonary  Capillary  Blood  Flow 

The  single-breath  technique  was  applied  to  the  investigation  of 
pulmonary  capillary  blood  flow  when  Cander  and  Forster  (4)  used  various 
inert,  soluble  gases,  such  as  acetylene  and  nitrous  oxide  for  the  measure¬ 
ment  of  pulmonary  capillary  blood  flow  and  the  pulmonary  tissue  volume, 
and  inert,  insoluble  gases  for  the  estimation  of  the  dilution  of  the 
inspired  gases  in  the  residual  volume  of  the  lung. 
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They  felt  that  in  view  of  the  many  criticisms  and  reported  in¬ 
accuracies  of  the  foreign  gas  methods,  it  was  best  to  develop  a  new 
method  as  they  believed  that  they  could  circumvent  two  of  the  major 
weaknesses  of  the  other  tests,  namely,  the  difficulty  involved  in 
obtaining  a  uniform  sample  of  the  concentration  of  the  inspired  mixture 
before  diffusion  into  the  blood  cells,  and  the  possibility  of  re-circula- 
tion  of  the  dissolved  gases  back  to  the  lungs  during  the  testing  period. 

In  using  the  single-breath  technique,  and  including  helium  in 
the  inspired  mixture,  they  were  able  to  measure  the  dilution  of  the 
relatively  insoluble  helium  in  the  lung,  and  infer  that  this  dilution 
would  be  the  same  as  occurred  to  the  soluble  gases  as  they  entered  the 
lung. 

It  was  discovered  that  there  was  not  only  a  decrease  in  the 
concentration  of  the  soluble  gas  due  to-  its  dilution  in  the  residual 
volume  and  its  diffusion  into  the  blood,  but  there  was  also  a  rapid 
initial  fall  in  the  concentration  of  the  acetylene  and  nitrous  oxide 
at  a  greater  rate  than  was  the  case  with  the  later  diffusion.  This  they 
found  to  be  due  to  the  diffusion  of  the  gases  into  the  pulmonary  paren¬ 
chymal  tissue  volume.  This  diffusion  was  then  used  to  calculate  the 
parenchymal  tissue  volume  of  the  lung  so  that  a  correction  factor  could 
be  applied  in  the  calculation  of  pulmonary  capillary  blood  flow. 

The  rapid  initial  solution  of  the  soluble  gas  into  the  tissue 
volume  of  the  lung  was  evidenced  by  the  dropped  intercept  of  the  acety¬ 
lene  and  nitrous  oxide  disappearance  curves. 

The  technique  was  further  refined  by  Johnson,  jet  al..  (19)  by 
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the  application  of  gas  chromatography  to  the  analysis  of  gases,  and  by 
combination  of  the  procedure  with  that  of  Ogilvie,  et.  .al..  (31),  so 
that  diffusing  capacity  of  the  lung  for  carbon  monoxide  and  pulmonary 
capillary  blood  flow  and  tissue  volume  could  be  determined  simultaneously. 

Calculation.  The  determination  of  pulmonary  capillary  blood  flow 
is  based  upon  the  known  capacity  of  acetylene  to  dissolve  into  the  red 
blood  cells  at  a  constant  rate. 

The  Bunsen  solubility  of  acetylene  in  the  red  blood  cells  was 
determined  by  Grollman  (11)  to  be  .740  milliliters  of  gas/milliliter  of 
blood/atmosphere  at  37°C.  Chapman,  .et  .al..  (5),  however,  stated  that  the 
solubility  coefficient  had  been  determined  in  their  laboratory  to  be 
.7002.  Grollman's  figure  is  used  because  of  its  acceptance  by  Johnson, 
et  al .  (19),  on  the  understanding  that  the  results  maybe  six  per  cent 
below  the  expected  values  for  this  reason. 

The  Bunsen  solubility  of  acetylene  into  the  pulmonary  paren¬ 
chymal  tissue  was  found  by  Cander  (3),  to  be  .768  milliliters  of  gas/ 
milliliter  of  tissue/atmosphere  at  37°C. 

In  all  equations  referring  to  fractional  concentrations  of  the 
various  gases,  the  peak  height  response  in  millimeters  may  be  substituted, 
provided  that  the  chromatograph  response  of  the  gases  in  the  inspira¬ 
tion  mixture  before  breath-holding  is  used  as  the  reference  to  which  the 
alveolar  analysis  is  compared. 

In  order  to  calculate  the  pulmonary  parenchymal  tissue  volume  and 
the  pulmonary  capillary  blood  flow,  the  disappearance  curve  of  acetylene 
must  first  be  established,  and  it  is  essential  that  there  should  be  at 
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least  four  repetitions  of  the  test  at  rest,  using  two  long  (approximately 
eight  seconds)  and  two  short  (approximately  four  seconds)  breath¬ 
holding  periods  so  that  an  accurate  regression  line  may  be  drawn. 

The  disappearance  ratio  is  plotted  for  each  breath-holding  time 
on  the  X  axis  and  the  logarithm  of  the  ratio: 


aCoH 
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on  the  Y  axis 


where: 


Fa  is  the  alveolar  concentration  of  acetylene  after  the 

C2H2.t  breath-holding, 

F^  is  the  initial  concentration  of  the  acetylene  in  the 

^2^2.o  alveoli  before  dilution  takes  place, 

therefore, 

^a  =  the  concentration  of  acetylene  in  the  inspiration 

^2h2.o  bag  multiplied  by  the  ratio  of  the  alveolar  neon 
concentration  to  the  inspired  neon  concentration. 

1.  Pulmonary  parenchymal  tissue  volume.  Cander  and  Forster  (4) 

developed  the  equation  for  tissue  volume,  which_  f ol lows: 


Vt  = 


^A 

oCt 


100 


Intercept  at  t0  in  %  J  (Pg-47) 


760 


where: 


Vt  =  pulmonary  parenchymal  tissue  volume  in  milliliters, 


Va  -  alveolar  volume  in  milliliters, 

Intercept  at  t0  in  percent 

=  the  intercept  of  the  regression  line  drawn  on  a  semi- 
logarithmic  graph,  with  the  logarithm  of  the  alveolar 
concentration  of  acetylene  divided  by  the  initial 
concentration  of  acetylene  before  dilution,  on  the  Y  axis 
and  the  breath-holding  time  on  the  X  axis;  expressed  as 
a  percentage 

(P  -47)=  barometric  pressure  corrected  for  the  pressure  of  water 
vapour  in  the  alveolar  volume,  in  millimeters  of  mercury, 
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FIGURE  7  SIMULTANEOUS  DISAPPEARANCES  OF  ALVEOLAR 
ACETYLENE  AND  CARBON  MONOXIDE  DURING  BREATH  HOLD¬ 
ING.  MEASUREMENTS  WERE  MADE  DURING  A  VALSALVA 
MANEUVER  (x),  DURING  REST  (o)  AND  AT  5  MPH  ON  A  4 
DEGREE  GRADE  (o).  FROM  JOHNSON,  ET  AL.  (19:894) 
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oCt  =  bunsen  solubility  coefficient  of  acetylene  in  pulmonary 
parenchymal  tissue,  at  .768  milliliters  of  gas/milli- 
liter  of  tissue/atmosphere  at  37°C. 

The  average  tissue  volume  has  been  determined  by  Cander  and 
Forster  (4)  to  be  627  milliliters,  while  Johnson,  et.  ^1.  (19:896) 
tested  a  group  of  subjects  and  found  that  the  tissue  volume  ranged  from 
410  to  760  milliliters;  figures  that  appear  to  be  in  agreement. 

2.  Pulmonary  capillary  blood  flow.  The  original  equation  of 
Cander  and  Forster  (4:548)  was  slightly  modified  by  Johnson,  ert  _al_.  (19: 
894),  but  a  further  correction  is  required  to  convert  the_blood  flow  to 
blood  flow  per  minute.  The  equation  for  the  calculation  of  pulmonary 


capillary  blood  flow  is: 


x  760  x  60 
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where: 

Qc  =  pulmonary  capillary  blood  flow  in  milliliters/minute, 

=  alveolar  volume  (STPD)  in  milliliters, 

odB  =  Bunsen  solubility  coefficient  of  acetylene  in  blood, 
at  .740  milliliters  of  gas/milliliter  of  blood/ 
atmosphere  at  37°C. 

oCt  =  Bunsen  solubility  coefficient  of  acetylene  in  pul¬ 
monary  parenchymal  tissue,  at  .768  milliliters  of  gas/ 
milliliter  of  tissue/atmosphere  at  37°C. 

Vt  =  tissue  volume  of  the  lung  in  milliliters, 

At  =  breath  holding  time  as  determined  by  Jones  and  Meade 
(17:139). 
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=  barometric  pressure  less  the  pressure  of  water 
vapour  in  the  alveolar  volume,  in  millimeters  of 
mercury, 

=  natural  logarithm, 


=  fractional  concentration  of  acetylene  in  the  lung 
before  any  dilution  of  diffusion  has  occurred, 


F 


A°2H2o  t 


=  fractional  concentration  of  acetylene  in  the 
alveolar  sample. 


Discussion.  Apart  from  the  inaccuracies  mentioned  previously, 
that  had  been  the  cause  of  much  of  the  underprediction  associated  with 
the  foreign  gas  methods  in  comparison  with  the  Direct  Fick  Techniques, 
various  other  small  problems  remain. 

Any  right  to  left  shunt  across  the  pulmonary  capillary  bed  that 
allows  blood  to  pass  through  the  pulmonary  circulation  without  being 
oxygenated  in  the  alveoli  will  not  be  accounted  for  by  this  technique. 
Thus,  there  could  be  a  2.2  per  cent  underprediction  of  cardiac  output 
using  this  method  (4:550). 

Any  recirculation  of  acetylene  into  the  lungs  after  a  long 
breath-holding  period  may  be  recognised  as  a  change  in  the  slope  of  the 
disappearance  curve  and  avoided  (19:899). 

The  alveolar  volume  is  over-estimated  by  an  amount  equivalent  to 
the  volume  of  the  anatomical  dead  space  and  this  could  make  estimates  of 
the  pulmonary  capillary  blood  flow  about  three  per  cent  too  large  (19). 

The  absolute  values  of  residual  volume  as  calculated  by  the  singl 
breath  method  are  higher  than  those  determined  by  nitrogen  wash-out, 
but  there  is  no  additional  increase  during  exercise  (19). 

Non-uniformity  of  blood  distribution  to  the  alveolar  capillaries 
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of  the  lung  may  cause  errors  in  estimates  of  blood  flow  in  much  the  same 
way  that  uneven  distribution  affects  the  diffusing  capacity  measurements 
(19). 

The  improvements  over  the  Grollman  Technique  (11)  maybe  listed  as: 

1.  recognition  of  the  appearance  of  acetylene  recirculation  by  a 
change  in  the  disappearance  curve, 

2.  incorporation  of  a  correction  for  acetylene  solution  into  the 
pulmonary  parenchymal  tissue  in  the  initial  period  of  inspiration, 

3.  an  accurate  calculation  of  the  initial  concentration  of  the 
acetylene  at  the  alveoli  before  the  diffusion  of  the  gas  into  the 
blood,  or  solution  into  the  tissue  occurs. 

It  is  reasonable  then  to  expect  results  that  are  comparable  to 
values  of  cardiac  output  and  stroke  volume  determined  by  the  Direct 
Fick  Methods.  Brandf onbrener  (2)  reported  that  for  male  subjects  of  a 
mean  age  of  23.6  years,  the  cardiac  output  was  6.49  +  0.51  liters/minute 
and  the  cardiac  index  was  3.72  +  0.28  liters/minute/ square  meter  of  body 
surface  area,  when  determined  by  the  Direct  Methods.  He  also  quoted 
stroke  volume  to  be  85.6  +  6.1  milliliters/beat  and  a  mean  stroke  index 
of  48.9  +  3.1  milliliters/beat/square  meter  of  body  surface  area  for  the 
same  subjects. 

Published  reports  by  Cander  and  Forster  (4)  and  Johnson,  et  aj^. 
(19)  show  that  the  technique  is  capable  of  close  prediction  of  cardiac 
output  from  pulmonary  capillary  blood  flow  data. 
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CHAPTER  V 


COMPUTER  PROGRAMMING  OF  SELECTED  METHODS  INVOLVED 
IN  CARD 10- PULMONARY  RESEARCH 

The  measurement  of  pulmonary  diffusing  capacity  of  the  lung  for 
carbon  monoxide  and  pulmonary  capillary  blood  flow  may  be  made  following 
one  series  of  tests  and  the  amount  of  calculation  required  is  consider¬ 
able.  To  reduce  the  amount  of  time  that  must  be  spent  in  computation, 
the  computer  programme  TRIAL  was  developed.  This  programme  has  been 
written  so  as  to  be  applicable  to  a  wide  range  of  testing  situations, 
and,  with  minor  alterations,  to  different  computers. 

The  programme  is  made  up  of  several  different  types  of  cards  or 
decks  of  cards.  These  are: 

1.  monitor  control  cards, 

2.  mainline  programme  deck? 

3.  sub-routine  programme  deck, 

4.  subject  control  cards, 

5.  data  cards,  and 

6.  final  card. 

Details  for  the  preparation  of  all  these  cards  are  given  in  Appendix  D. 

Monitor  Control  Cards 

These  may  vary  depending  upon  the  type  of  computer  system  em¬ 
ployed.  The  University  of  Alberta  uses  the  IBM7040  Operating  System 
(IBSYS),  which  makes  available  an  integrated  set  of  programmes  to  take 
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care  of  the  details  of  putting  job  programmes  into  the  computer,  getting 
the  results  out,  and  handling  problems  involved  in  interrupting  faulty 
programmes.  The  appropriate  cards  for  this  programme,  using  the  IBSYS 
system  are: 

1.  $IBSYS  card, 

2.  $JOB  card, 

3.  $TIME  card, 

4.  $IBJOB  card, 

5.  $IBFTC  card,  and 

6.  SENTRY  card. 

These  monitor  control  cards  have  such  functions  as  identification 
of  the  job,  providing  time  and  output  limits,  calling  in  the  processing 
monitor  to  perform  the  requested  routine  options,  and  to  indicate  the 
end  of  the  storage  load  (23:21). 

Mainline  Programme 

The  programme  is  written  in  Fortran  IV  (1,27),  which  is  almost 
universally  applicable,  and  is  used  on  the  assumption  that  the  programme 
may  be  used  without  change  on  most  computer  systems  presently  available. 

Some  features  of  the  Fortran  IV  are  not  available  in  all  imple¬ 
mentations,  and  it  is  advisable  to  discuss  the  programme  with  a  systems 
engineer  to  see  if  it  can  be  applied  unchanged  to  the  local  computer. 

The  programme  includes  many  "comment'*  cards,  these  being  iden¬ 
tified  by  the  letter  "c"  in  the  first  column  of  the  card.  The  main 
operations  are  explained  throughout  the  programme  and  the  significant 
computations  are  identified.  The  location  of  each  answer  in  the  matrix 
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of  results  is  also  shown.  A  complete  list  of  all  the  computation  pro¬ 
cesses,  also  showing  the  answer  locations,  is  given  at  the  end  of  the 
mainline  programme.  Using  these  comment  cards  it  is  possible  to  follow 
all  the  calculations  as  they  are  made,  and  to  identify  the  elements  of 
each  equation  as  it  is  computed. 

A  feature  of  the  programme  is  the  fact  that  it  offers  a  choice  in 
the  manner  of  presentation  of  the  answers.  Normally,  the  output  that 
would  be  desired  would  be  the  one  listing,  and  titling,  the  most  signi¬ 
ficant  answers,  as  well  as  showing  the  subject's  name  and  the  date  of 
the  test.  If,  however,  the  researchers  wishes  to  have  a  fqll  listing  of 
all  the  answers  generated  by  the  programme,  these  may  be  listed  in  the 
form  of  a  matrix  of  the  sixty  answers  for  up  to  seven  trials,  with  the 
eighth  column  of  answers  showing  information  derived  from  mean  values  or 
pooled  data  to  give  the  average  results  or  the  results  of  regression 
analyses. 

The  programme  is  capable  of  handling  any  combination  of  resting 
and  exercise  trials  up  to  a  total  of  seven,  but  as  at  least  four  resting 
determinations  are  required  for  the  accurate  computation  of  the  dis¬ 
appearance  curves  of  carbon  monoxide  and  acetylene,  the  exercise  trials 
are  effectively  limited  to  three.  This,  however,  is  sufficient  for  many 
standardised  exercise  tests. 

Some  of  the  cards  in  the  programme  require  special  mention,  and 
as  each  card  is  numbered  ©umul'ativel.y  in  columns  # 78-80,  they  are  easy 
to  identify  for  discussion.  Card  TRIAL  #96,  which  reads  "MZ  =  5"  must 
be  altered  if  the  computer  to  be  used  ,i  uses  a  different' numeral  to 
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identify  the  READ  a  card  operation.  The  University  of  Alberta  uses  the 
numeral  "5'’  to  identify  this  operation,  and  the  numeral  "6"  to  identify 
the  WRITE  operation.  In  order  to  read  card  TRIAL  #78  (the  format  card 
for  the  subject  control  card)  the  computer  must  know  the  different  codes 
in  advance. 

The  subtraction  "-85"  from  the  calculated  alveolar  volume  on  card 
TRAIL  #124  refers  to  the  deduction  that  should  be  made  to  account  for 
the  dead  space  of  the  apparatus.  This  volume  (in  milliliters)  will 
change  with  each  design. 

The  regression  equations  to  determine  the  disappearance  rates  of 
acetylene  and  carbon  monoxide  over  time,  are  performed  by  cards 
numbered  TRIAL  #196-209  and  from  TRIAL  #220-227.  The  formulae  used  to 
perform  these  operations  are  standard  regression  equations  for  the 
determination  of  the  slope  (^  )  and  the  intercept  (oC  )  of  the  dis¬ 
appearance  curves  of  the  gases  (8:120): 

NSXY  -  (£X.£Y) 

=  (£X2  -  (£X)2) 

=  £Y  -B  £X 

N  1  N 


=  the  slope  of  the  regression  line  of  the  Y  values  on 
the  X  values,  where  the  Y  values  refer  to  the  ratios 
of  the  alveolar  to  the  initial  concentrations  of  the 
gases, 

=  the  number  of  cases, 

=  the  sum  of  the  products  of  X  and  Y, 

=  the  sum  of  the  values  of  X, 

=  the  sum  of  the  values  of  Y, 
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£X  =  the  sum  of  the  squared  values  of  X, 

€.Y  =  the  sum  of  the  squared  values  of  Y,  and 

°CXy  =  the  intercept  of  the  regression  analysis  of  the  Y 
values  on  X. 

Prediction  formulae  are  included  in  the  programme  for  total  lung 
capacity,  pulmonary  parenchymal  tissue  volume,  diffusing  capacity  of 
the  lung  for  carbon  monoxide  and  cardiac  output*  The  formulae  were 
developed  by  Johnson  (18)  for  comparison  between  obtained  and  expected 
values  of  pulmonary  function. 

Sub-Routine  Programme  Deck 

The  sub-routine  TRIAM  is  used  only  for  the  presentation  of  the 
answers  in  a  written  format.  The  name  of  the  subject,  the  date, of  the 
test,  and  the  significant  answers  are  all  titled  and  listed,  with  the 
mean  values  and  pooled  data  results  listed  on  the  far  right  on  the  same 
line  as  the  title,  and  the  separate  answers  of  each  trial  given  on  the 
line  below  the  title,  in  order  from  the  left. 

This  sub-routine  may  be  by-passed  by  requesting  the  sixty  answer 
matrix  presentation  of  answers,  by  indicating  the  desired  preference  on 
the  Subject  Control  Card. 

Subject  Control  Card 

This  card  is  placed  immediately  in  front  of  the  data  and  contains 
the  information  concerning  the  input  and  output  device  codes  that  per¬ 
form  the  READ  a  card  and  WRITE  operations,  the  number  of  resting  and 
exercise  tests,  the  output  selection,  the  full  name  of  the  subject  and 
the  date  of  the  test  as  well  as  an  identification  number. 
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Data  Cards 

Two  cards  should  be  prepared  for  each  trial  performed  by  a  subject. 
The  appropriate  columns  reserved  for  each  measurement  are  shown  on 
comment  cards  in  the  body  of  the  mainline  programme,  and  the  format  should 
be  adhered  to.  No  decimal  points  need  be  punched  onto  the  cards.  With 
regard  to  the  measures  of  oxygen  peaks,  for  accuracy  over  a  wide  range 
of  concentrations,  it  has  been  found  that  a  measurement  of  the  inte¬ 
grated  area  is  more  accurate  than  peak  height.  If  the  recorder  used  is 
not  fitted  with  an  integrator,  peak  area  should  be  used  in  all  oxygen 
measurements. 

Time  #1  is  incorporated  as  a  measure  that  could  be  used  for 
investigation  of  diffusion  up  to  two  time  points  during  expiration  of  the 
special  gas  mixtures. 

F inal  Card 

A  single  blank  card  should  be  added  to  the  back  of  the  deck, 
after  the  last  data  card.  This  is  to  signify  the  end  of  the  input  data. 

Order  of  Cards  and  Decks 

The  order  of  cards  when  using  the  IBSYS  system  is: 

1.  $IBSYS,  $JOB,  $TIME,  $IBJOB,  and  $IBFTC  monitor  system  cards, 

2.  Mainline  programme  TRIAL  deck, 

3.  $IBFTC  card  for  sub-routine  TRIAM, 

4.  Sub-routine  programme  TRIAM  deck, 

5.  Subject  Control  Card, 

6.  Data  cards  of  first  subject, 
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7.  Control  card  of  second  subject,  if  any, 

8.  Data  cards  of  second  subject,  if  any, 

9.  Control  Cards  and  Data  Cards  of  subjects  3  to  n,  and 

10.  Blank  card. 

There  must  be  a  control  card  and  data  cards  for  every  subject 
whose  data  is  to  be  processed. 
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APPENDIX  B 


CIRCUIT  DIAGRAM  OF  THE  CONTROL  UNIT  FOR 
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COMPUTER  CARD  PRESENTATION 

Moni tor  Control  Cards 

These  cards  are  punched  in  the  following  manner  when  using  the 
IB SYS  system  (23): 

Column  #1.  A  $  sign  is  punched  in  this  column  on  all  the  monitor 
control  cards. 

Columns  #2-8.  The  Control  Card  Name,  which  may  consist  of  from 
one  to  seven  alphabetic  characters,  such  characters  to  be  punched  on  the 
cards,  commencing  in  Column  #2. 

Columns  #8-13.  The  Deckname  Field,  which  may,  on  some  cards, 
contain  the  name  of  the  programme. 

Columns  #14-72.  Variable  Field  Information.  There  must  be  no 
intervening  blanks,  as  these  cause  the  field  to  be  terminated  when  the 
first  blank  space  is  encountered. 

Columns  #73-80.  Reserved  for  serialisation  purposes. 

(a)  $IBSYS  Card.  This  card  is  pre-punched,  but  additional  informa¬ 
tion  must  be  written  upon  it  to  show  the  job  number,  the  programmer's 

name  and  telephone  extension,  the  type  of  input  material  and  the  manner 
in  which  the  output  is  to  be  presented. 

(b)  $JOB  Card.  The  title  "$JOB"  is  punched  in  Columns  #1  to 
#4,  the  Deckname  field  is  left  blank,  and  a  six  digit  Job  Number  is 
punched  into  the  Variable  Field  Information  section,  commencing  at 
column  #16,  after  which  may  follow  any  identifying  information  required 
by  the  programmer. 

(c)  STIME  Card.  The  title  "$TIME"  is  punched  in  columns  #1  -  #5 
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and  the  Deckname  Field  is  left  blank,.  An  estimate  of  the  total  proces¬ 
sing  time  required  for  the  job,  in  minutes,  is  punched  in  the  Variable 
Field  Information  section,  commencing  at  column  #16.  A  comma  follows 
immediately,  and  an  estimate  of  the  total  number  of  lines  of  output  to 
be  printed  completes  the  information  to  be  punched  onto  this  card. 

(d)  $IBJ0B  Card.  The  title  of  this  card  is  printed  in  columns 
#1  -  #6.  A  name  may  be  punched  in  the  Deckname  Field  in  alphabetic 
characters,  and  the  word  "GO"  should  be  punched  at  the  beginning  of  the 
Variable  Field  Information  section  of  this  card.  A  blank  may  be  included 
between  the  Deckn'ame  and  the  Variable  Field  Information. 

(e)  $IBFTC  Card.  This  card  follows  the  cards  mentioned  above, 
and  a  similar  card  is  placed  at  the  beginning  of  any  sub-routine.  The 
title  is  punched  in  the  appropriate  column,  and  the  Deckname  Field  must 
contain  a  name  if  there  is  more  than  one  deck.  In  the  accompanying 
programme,  the  name  of'  the  Mainline  programme  is  "TRIAL",  and  as  there  is 

a  sub-routine  deck,  this  is  entitled  "TRIAM".  This  card  calls  the  Fortran 
IV  Compiler  to  process  the  deck  that  follows.  The  words,  "NOLIST,  NODECK" 
are  then  punched,  as  shown,  commencing  at  column  #16  on  the  card.  This 
information  indicates  that  the  programmer  does  not  require  the  output  of 
the  Fortran  IV  compiler,  or  the  complete  MAP  language  listing  to  be  given. 
It  also  indicates  that  a  binary  deck  is  not  to  be  punched. 

(f)  SENTRY  Card.  This  card  indicates  the  end  of  the  storage 
load.  The  title  is  punched  into  the  column  reserved  for  it  and  no 
other  information  need  follow. 

This  card  must  be  placed  immediately  in  front  of  the  data  deck 
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(prior  to  the  first  Subject  Control  Card)* 

Mainline  Programme  Deck 

Columns  #1  -  #5  in  Fortran  IV  programming,  are  reserved  for 
statement  numbers  that  are  used  for  cross-referencing  purposes,. 

If  the  letter  "C"  is  punched  in  column  #1,  then  the  line  that 
follows  is  not  processed  as  part  of  the  programme,  but  is  printed  on  the 
output  to  provide  a  means  of  clarification  or  identification  of  the 
elements  of  the  programmeo  Many  such  cards  are  included  in  the  accom¬ 
panying  programme  for  explanatory  purposes,. 

Column  #6  is  used  to  indicate  a  continuation  card.  When  the 
programme  information  of  a  particular  operation  exceeds  the  boundaries 
imposed  on  one  card,  a  non-zero  numeral  is  then  punched  in  this  column 
of  the  next  card,  and  punching  of  the  operation  continued  in  column  #6. 

If  the  information  can  be  fitted  on  one  card,  this  column  is  left  blank. 

Columns  #7-72.  The  statements  or  programming  information  are  then 
punched  on  the  cards  using  these  columns.  Blanks  may  be  included  to  make 
the  statements  readable. 

Columns  #73-80  are  not  processed  and  may  be  used  to  identify  the 
programme  by  name,  and  to  cumulatively  number  the  cards  of  the  mainline 
programme  (27). 

Sub-routine  Programme  Deck 

This  deck  is  prepared  in  the  same  manner  as  the  Mainline  Pro¬ 
gramme,  but,  if  columns  #73-80  are  used  for  identification  purposes,  the 
sub-routine  name  should  be  used  and  the  cards  numbered  separately  from 
those  of  the  main  programme. 
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Subject  Control  Card 

One  of  these  cards  is  required  for  each  subject’s  data,  and  must 
precede  that  data.  The  card  is  prepared  in  the  following  manner: 

Column  #1.  The  output  code  number  used  in  the  particular 
computer  is  punched  in  this  column.  At  the  University  of  Alberta,  the 
numeral  "6"  indicates  a  WRITE  operation. 

Column  #2.  The  input  code  number  of  the  particular  computer  is 
punched  in  this  space.  The  University  of  Alberta  system  uses  the  numeral 
"5"  for  this  READ  a  card  operation. 

Column  #3.  The  number  of  resting  trials  made  by  the  particular 
subject.  This  programme  is  limited  to  a  maximum  of  seven  trials  for  each 
subj  ect . 

Column  #4.  The  number  of  exercise  trials.  It  must  be  emphasized 
that  at  least  four  resting  trials  should  precede  the  exercise  trials,  as 
the  pulmonary  parenchymal  tissue  volume  must  be  calculated  at  rest,  and 
then  used  in  the  equations  of  the  exercise  calculations. 

Column  #5.  If  the  printed  output  is  desired,  a  zero  is  punched 
in  this  column.  If  the  full  array  of  the  sixty  answers  is  required, 
punch  a  "1"  in  this  column.  Under  normal  circumstances,  the  printed 
output  is  the  more  convenient  of  the  two  to  use. 

Columns  #6-61.  The  subject's  name  is  punched  in  this  space,  and 
any  other  information  that  may  be  relevant  may  be  included. 

Columns  #62-71.  The  date  of  testipg  is  punched  in  this  field, 
in  the  form,  "2  APR  1967." 

Columns  #72-80.  These  columns  may  be  used  for  identification 
purposes,  in  a  code  decided  by  the  programmer. 
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Data  Cards 

Data  card  #1.  Column  #1.  If  the  subject  is  male,  place  the 
numeral  "1"  in  this  column.  If  the  subject  is  female,  the  numeral  "2"  is 
used. 

Columns  #2-4.  The  age  of  the  subject  in  years  is  punched  here, 
with  the  months  expressed  as  a  single  decimal.  It  is  emphasised  that  no 
decimal  points  should  appear  on  the  data  cards. 

Columns  #5-7.  The  subject's  weight  in  pounds. 

Columns  #8-10.  The  subject's  height  in  inches,  with  fractions 
expressed  as  one  decimal. 

Columns  #11-14.  The  height  in  millimeters,  of  the  chromatogram 
peak  of  the  neon  in  the  inspiratory  mixture.  Fractions  may  be  expressed 
as  one  decimal. 

Columns  #15-18.  The  area  in  square  millimeters,  of  the  inspired 
oxygen  peak.  This  field  may  be  left  blank  if  so  desired.  There  is  no 
provision  here  for  decimal  places. 

Columns  #19-22.  The  height  in  millimeters  of  inspired  nitrogen 
peak.  This  field  may  be  left  blank  if  desired.  Fractions  may  be 
expressed  as  one  decimal. 

Columns  #23-26.  The  height  in  millimeters  of  the  inspired 
carbon  dioxide  peak.  Most  detectors  will  not  record  room  air  concentra¬ 
tions  of  carbon  dioxide,  and  still  produce  a  peak  for  the  expired  con¬ 
centration  of  the  gas  that  will  fit  on  the  recorder  chart.  For  this  reason, 
this  field  may  be  left  blank.  Fractions  may  be  expressed  as  one  decimal. 

Columns  #27-30.  The  height  of  the  inspired  carbon  monoxide  peak 
in  millimeters,  correct  to  one  decimal  place.  If  the  researcher  wishes  to 
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calculate  pulmonary  capillary  blood  flow  alone,  carbon  monoxide  peaks 
need  not  be  measured.. 
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Columns  #31-34.  The  height  of  the  inspired  acetylene  peak  in 
millimeters,  correct  to  one  decimal  place,,  Acetylene  measurements  may 
be  omitted  if  the  calculation  of  pulmonary  capillary  blood  flow  is  not 
required,. 

Columns  #35-38„  The  height  of  the  chromatogram  peak  of  the 
expired  neon,  in  millimeters,  correct  to  one  decimal  place,, 

Columns  #39-42,,  The  area  of  the  expired  oxygen  peak  in  square 
millimeters..  There  is  no  provision  for  decimals  in  this  field.  This 
measurement  may  be  omitted  if  so  desired. 

Columns  #43-46.  The  height  of  the  expired  nitrogen  peak  in 
millimeters,  correct  to  one  decimal  place.  This  field  may  be  left  blank 


if  so  desired. 

Columns  #47-50. 

The  height  of  the  expired  carbon  dioxide  peak 

in  millimeters,  correct 

to  one  decimal  place.  This  field  may  be  left 

blank. 


Columns  #51-54. 

The  height  of  the  expired  carbon  monoxide  peak 

in  millimeters,  correct 

to  one  decimal  place. 

Columns  #55-58. 

The  height  of  the  expired  acetylene  peak  in 

millimeters,  correct  to  one  decimal  place. 

Columns  #59-62.  The  volume  of  the  special  gas  mixture  taken  into 
the  lungs  for  breath-holding,  expressed  in  milliliters.  There  is  no 
provision  for  decimals  in  this  field. 


Columns  #63-66.  If  it  is  desired  to  analyse  diffusing  capacity 
of  the  lung  for  carbon  monoxide  between  two  time  periods  in  expiration, 
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the  time  of  breath-holding  up  to  the  collection  of  the  first  sample 
should  be  included  in  this  field.  There  is  provision  for  the  time  to  be 
measured  correct  to  two  decimal  places  in  this  field.  If  this  measure  is 
not  required,  leave  this  field  blank. 

Columns  #67-70.  Breath-holding  time  in  seconds,  correct  to  two 
decimal  places.  If  sequential  sampling  is  used,  the  time  of  breath- 
holding  up  to  the  collection  of  the  second  sample  is  included  here. 

Columns  #75-77.  The  initials  of  the  subject  may  be  punched  in 
these  columns. 

Columns  #78-80.  The  cumulative  sequence  numbers  of  the  data 
cards  of  the  particular  subject  are  punched  in  these  columns. 

Data  Card  #2.  Columns  #1-3.  The  barometric  pressure  less  the 
pressure  of  water  vapour  in  the  alveolar  volume  of  the  lung  (Pg-47),  in 
millimeters  of  mercury,  recorded  at  the  time  of  the  test,  is  included  in 
this  field.  There  is  no  provision  in  this  field  for  decimals. 

Columns  #4-6.  The  correction  factor  to  convert  inspired  volume 
to  standard  temperature  and  pressure  (dry),  correct  to  three  decimal 
places,  is  included  in  this  field. 

Columns  #7-9.  The  heart  rate  of  the  subject  during  the  breath¬ 
holding  period,  converted  to  beats  per  minute.  There  is  no  provision  for 
decimals  in  this  field. 

Columns  #10-13.  When  performing  measurements  during  exercise, 
the  work  load  for  the  test  is  included  in  this  field.  There  is  no  pro¬ 
vision  for  decimals.  For  all  tests  performed  at  rest,  this  field  may  be 


left  blank. 
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Columns  #14-17.  The  concentration  of  oxygen  in  the  gas  cylinder 
used  for  supplying  the  inspiration  mixture,  correct  to  two  decimal  places. 
This  measurement  may  be  left  blank  if  not  required. 

Columns  #75-77.  The  initials  of  the  subject  tested  may  be  punched 
in  this  space. 

Columns  #78-80.  The  cumulative  sequence  numbers  of  the  parti¬ 
cular  subject’s  cards  may  be  punched  in  this  field. 

Blank  Card 

This  card  should  be  left  completely  blank  and  placed  at  the 
rear  of  the  combined  decks. 


APPENDIX  E 


COMPUTER  PROGRAMME  FOR  THE  CALCULATION  OF  DIFFUSING 
CAPACITY  OF  THE  LUNG  FOR  CARBON  MONOXIDE 


AND  PULMONARY  CAPILLARY  BLOOD  FLOW 
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PROGRAMME  TO  CALCULATE  PULMONARY  CAPILLARY  BLOOD  FLOW 
OUTPUT)*  DIFFUSING  CAPACITY  OF  THE  LUNG  FOR  CARBON 
AND  ALLIED  PARAMETERS  BY  THE  SINGLE  BREATH  METHOD 
PROGRAMMED  BY  BRIAN  M.  PETRIE 

faculty  of  physical  education 

UNIVERSITY  OF  ALBERTA 
APRIL  1967 


COPIES  OF  THIS  PROGRAMME  (ON 
RESEARCH  UNIT*  FACULTY  OF 


CARDS)  ARF 
PHYS.  ED.* 


ALL  ANSWERS  (WHERE  APPROPRIATE) 
NOT  LITERS 

FOR  DIFFUSING  CAPACITY  STUDIES* 
MONOXIDE  NEED  RE  MEASURED 


(CARDIAC  TR 

MONOXIDE  TR 

TR 
TR 
TR 
TR 
TR 
TR 
TR 

AVAILABLE  FROM  THE  FITNESS TR 
UNIVERSITY  OF  albeRta  tR 

TR 
TR 
TR 
TR 
TR 
TR 


ARE  given  in  MILLILITERS* 


ONLY  THE  PEAKS  OF  NEON  AND  CARBON 


EXERCISE  TRIALS  MUST 
TISSUE  VOLUME  MAY 
DATA 

THE  SUBTRACTION  (-85) 
♦TRIAL  124  REFERS 


from  THE  calculated  alveolar 
TO  THE  INSTRUMENT  DEAD  SPACE* 


volume  ON  CARD 
AND  WILL  VARY 


TR 

for  pulmonary  capillary  blood  flow  studies*  only  the  peaks  of  neontR 

AND  ACETYLENE  NEED  BE  MEASURED  TR 

TR 

BE  ACCOMPANIED  BY  FOUR  RESTING  TRIALS  SO  THATTR 
BE  ESTABLISHED  BEFORE  CALCULATION  OF  EXERCISETR 

TR 
TR 
TR 
TR 
TR 
TR 
TR 
TR 

DO  NOT  TYPE  DECIMAL  POINTS  ONTO  DATA  CARDS  PROGRAM  KNOWS  LOCATION  TR 

TR 

PLACE  A  BLANK  CARD  AT  THE  END  OF  THE  DECK  FOLLOWING  DATA  CARDS  TR 

TR 

ANSWERS  s 5  -  60  AVAILABLE  FOR  ADDITIONAL  COMPUTATIONS  IF  REQUIRED  TR 

****************************************-************************** yR 


WITH  FACH  DESIGN  OF  THE  APPARATUS 
IF  PARAMETER  NOT  MEASURED  LEAVE  FIELD  BLANK 


CONTROL  CARD 
COL  1  =  OUTPUT 


DEVICE  CODE  (WRITE  CODE  NO.)  (MX) 


COL  2  =  INPUT  DFVICE  CODE  ( RFAD  CODE  NO.) 
♦TRIAL  96  MUST  CONTAIN  THE  INPUT  DEVICE 
CARD 

COL  3  =  NO.  OF  REST  TESTS.  7  =  MAY  NO.  OF 
COL  4  =  NO.  OF  EXERCISE  TFSTS 


(MY)  NOTE*  MZ  ON  CARD 
CODE  TO  READ  CONTROL 

REST  +  EXERCISE  TESTS 
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24 
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c 

COL 

8  =  PRINT  MATRIX  CODE  0  =  NO  PRINT »  1  =  PRINT 

TRIAL 

46 

c 

COL 

6-61 

=  NAME 

trial 

47 

c 

COL 

62  -  71 

=  DATE 

TRIAL 

48 

c 

COL 

73  -  80 

=  ID 

TRIAL 

49 

c 

********************************************* ********************* jR  I  aL 

50 

c 

DATA 

CARD  *1 

trial 

51 

c 

COL 

1  =  SEX 

(MALE  =  1,  FEMALE  =  2) 

trial 

52 

c 

COL 

2-4  = 

AGE  (MONTHS  EXPRESSED  AS  ONE  DECIMAL  IN  COL  *4) 

trial 

53 

c 

COL 

5  -  7  = 

WEIGHT  IN  POUNDS 

trial 

54 

c 

COL 

R  -  10 

=  HEIGHT  (FRACTIONS  AS  ONE  DECIMAL  IN  COL  *10) 

trial 

55 

c 

COL 

11  ~  14 

=  PEAK  HEIGHT  TANK  NEON  IN  M.M.  (ONE  DECIMAL) 

trial 

56 

c 

COL 

15-18 

=  PEAK  ARFA  TANK  OXYGFN  IN  SQ.  M.M.  (NO  DECIMALS) 

trial 

57 

c 

COL 

IP  “  22 

=  PEAK  HEIGHT  TANK  NITROGEN  IN  M.M.  (ONE  DECIMAL) 

TRIAL 

58 

c 

COL 

23  -  26 

=  PFAK  HFIGHT  TANK  C02  IN  M.M.  (ONE  DECIMAL) 

trial 

59 

c 

COL 

27  -  30 

=  PEAK  HEIGHT  TANK  CO  IN  M.M.  (ONE  DECIMAL) 

trial 

60 

c 

COL 

31  -  34 

=  PEAK  HEIGHT  TANK  ACETYLENL  IN  M.M.  (ONE  DECIMAL) 

TRIAL 

61 

c 

COL 

85  ~  38 

=  PEAK  HEIGHT  ALVFOLAR  NEON  IN  M.M.  (ONE  DECIMAL) 

trial 

62 

c 

COL 

89  -  42 

=  PEAK  ARFA  ALV.  OXYGEN  IN  SQ.  M.M.  (NO  DECIMALS) 

TRIAL 

63 

c 

COL 

43  -  46 

=  PEAK  HFIGHT  ALV.  NITROGEN  IN  M.M.  (ONF  DECIMAL) 

TRIAL 

64 

c 

COL 

47  -  50 

=  PEAK  HEIGHT  ALV.  CO?  IN  M.M.  (ONE  DECIMAL) 

trial 

65 

c 

COL 

51  -  54 

=  PEAK  HFIGHT  ALV.  CO  IN  M.M.  (ONE  DECIMAL) 

TRIAL 

66 

c 

COL 

55  -  58 

=  PEAK  HEIGHT  ALV.  ACETYLENE  IN  M.M.  (ONE  DECIMAL) 

trial 

67 

c 

.COL 

59  -  62 

=  INSPIRED  VOLUME  IN  M.L.  (NO  DECIMALS) 

trial 

68 

c 

COL 

63  -  66 

=  TIME  *1  IN  SECONDS »  IF  REQUIRED  (TWO  DECIMALS) 

trial 

69 

c 

COL 

67  -  70 

=  BREATH  HOLDING  TIME  IN  SECONDS  (TWO  DECIMALS) 

trial 

70 

c 

COL 

7 5  -  77 

=  SUBJECT  OR  PATIENTS  INITIALS 

TRIAL 

71 

c 

COL 

78  -  80 

=  SEQUENCE  NUMBERS  FOR  ORDERING  CARDS 

trial 

72 

c 

**********************************  **************************  ******  jR  I  aL 

73 

c 

DATA 

CARD  *2 

TRIAL 

74 

c 

COL 

1  “  3  = 

BAROMETRIC  PRESSURE  LESS  PH20  (PR-47)  IN  M.M.  HG. 

trial 

75 

c 

COL 

4  -  6  = 

STPD  FACTOR  (THREE  DECIMALS) 

TRIAL 

76 

c 

COL 

7  -  9  = 

HEART  RATE  (NO  DECIMALS) 

trial 

77 

c 

COL 

10  -  13 

=  WORK  LOAD  (FOR  EXERCISE)  (NO  DECIMALS) 

trial 

78 

c 

COL 

14  ~  17 

=  OXYGEN  CONC.  IN  REFERENCE  TANK  (TWO  DECIMALS) 

TRIAL 

79 

c 

COL 

75  -  77 

=  SUBJECT  OR  PATIENTS  INITIALS 

trial 

80 

c 

COL 

78  -  80 

=  SEQUENCE  NUMBERS  FOR  ORDERING  CARDS 

TRIAL 

81 

c 

************ 

*********************************** ******* ************yR I  /\L 

8? 

c 

TRIAL 

83 

INTEGER  DATE ( 5 ) 

trial 

84 

DIMENSION  S ( 8 ) 

TRIAL 

85 

COMMON  DATE  * 

NAME(28)»ANS(8.60)*MX  » MY  » NOSUB 

trial 

86 

FOU I VALENCE (S(1>*SYA>*(S(2>  *SYB >  * ( S<  3  )  ,SY?A ) ♦ (S( 4>  *SY2B ) ♦  ( S( 5  )  ♦ 

SXYTRIAL 

87 

1  A) * (S(6 )  ♦SXYB) * ( S( 7 ) *SXA*SXB ) ♦ (S< 8 )  *SX?A»SX2B) 

trial 

88 

c 

trial 

89 

100 

FORMAT (511 *28A2»5A2) 

trial 

90 

102 

FORMAT ( I 1 *F3 

•  1 »F3.0»F3.1 *F4. 1 »F4.0»5F4.1 *F4.0*4F4. 1 *F4.0*2F4.2 ) 

trial 

91 

103 

FORMAT ( F 8  »  D  » 

F3.3»F3.D*F4.0*F4.2) 

trial 

92 

104 

FORMAT (  1  X  *  1 1 0  * 4E 1 6 • 8 ) 

TRIAL 

93 

105 

FORMAT ( 1H] ) 

trial 

94 

106 

FORMAT ( 1HL ) 

TRIAL 

95 

A 


' 


* 


■ 


!>.*•  .n.«  »">  ,  -  tm  ' 


D 

D 

3 


non  nnn  nnn  non  nnn  non  nnn 


no 


2  MZ  =  5  TRIAL  96 

READ ( MZ ♦ 100)  MX  *MY  * ITRYR»ITRYX* I  TABL  * I  NAME  I I ) *1=1*28) ♦ ( DATE ( I ) *I=1TRIAL  97 


1*5  ) 

TRIAL  98 

IF  (MX)  68*68*4 

TRIAL  99 

4 

NTEST=I TRYR+I TRYX 

trialioo 

TRYR= I TRYR 

trialioi 

TR YX= I TRYX 

TRIAL102 

NO  SUB= 1 

TRIAL103 

I T  EST  =  0 

TRI AL104 

I  BOX  =  0 

TRIAL105 

DO  6  1=1 *8 

TRIAL106 

6 

SI  I )=0. 

TRI  AL107 

DO  8  J= 1  * 60 

TRI AL108 

DO  8  1=1*8 

TRI AL109 

8 

ANSI  I ,J)=0. 

TR I AL 1 10 

10 

itest=itest+i 

TRIAL111 

READ! MY *102)  I  SEX , AGE  * ANS I  8  *  1 )  * ANS I  8*2)  *BNE0N*802 

»RN2  *BC02 ,BC0»BA,ATRIAL112 

1NE0N»A02*AN2*AC02*AC0,AA*V0L ,T1 ,T2 

TR I AL 1 1 3 

RE AD  I  MY,  103)  (ANSI  I  TEST, M) *M  =  3*6) ,T02 

TRI AL114 

ANSI  8*7  )  =  (  I  (ANS(8*1  )  *  .4C>76  )  **.42^  )  *  I  I  ANS  I  8, 2  >  *2. 

84) **.725) )*.00718TRIAL115 

14  ' 

TRI  AL 116 

TRIAL117 

ANSWER  8*7  =  BODY  SURFACE  AREA  I BS A ) 

TRIAL118 

ANSI  I  TEST, 8 )=V0L*ANS( I  TEST, 4) 

ANSWER  8  =  INSPIRED  VOLUME  STPD  (VI  STPD) 
ANSI  I  TEST *9 )  =  I ANS ( I  TEST *8 ) *BNEON /ANFON ) -85  , 
ANSWER  9  =  ALVEOLAR  VOLUME  (VA) 

ANSI ITEST,10)=ANS( I  TEST *9) -ANSI  I  TEST *8 ) 

ANSWER  10  =  RESIDUAL  VOLUME  STPD  I RV  STPD) 

ANSI  I TFST  *11  )  =  ANS( ITEST*10)*1.21 

ANSWER  11  =  RESIDUAL  VOLUME  BTPS  I  RV  BTPS) 

ANSI ITEST,12)=ANEON/PNEON 

ANSWER  12  =  ALVEOLAR  /  BAG  NEON 

ANSI  I  TEST, 13)  =  ANS I  I  TEST  *  1 2 ) *BCO 

ANSWER  13  =  INITIAL  CARBON  MONOXIDE  I  CO  0) 

ANSI ITFST  » 1 4 )  =  ANS I lTpST»12)*RA 


TRIAL119 
TRIAL120 
TRIAL121 
TRIAL122 
TRIAL123 
TRI AL124 
TRI AL125 
TRIAL126 
TRI AL127 
TRIAL128 
TRI AL129 
TRIAL130 
TRIAL131 
TRI  AL132 
TRI AL133 
TRIAL134 
TRIAL135 
TRIAL136 
TRIAL137 
TRIAL138 
TRIAL139 
TRIAL  140 
TRIAL141 
TRIAL142 
TRI AL143 
TRIAL  144 
TRI AL145 
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*  ■  •  (ir.  'I  fVVUT  ,  ;  ,  y*,xm  <n  -  ,  <.MM349» 


r>*KOflI 


•  ;  <  ■  -  ■  ■  ■ 
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ANSWER  14  =  INITIAL  ACFTYLFNE  (C?H?  0)  TRIAL146 

TRIAL147 

ANSI  I  TEST, 15)  =  ACO/ ANSI  I  TEST* IS )  TRIAL  148 

TRIAL149 

ANSWER  15  =  ALVEOLAR  /  INITIAL  CARRON  MONOXIDE  TRIAL150 

TRIAL151 

ANSI  ITFST  *16)  =  AA/ANS(  ITEST  *14)  TRIAL152 

TRIAL153 

ANSWER  16  =  ALVEOLAR  /  INITIAL  ACETYLENE  TRIAL154 

TRIAL155 

ANSI ITEST*17)=ANS( I  TEST » 13 ) /ACO  TRIAL  156 

TRIAL157 

ANSWER  17  =  INITIAL  /  ALVEOLAR  CARBON  MONOXIDE  TRIAL158 

TRIAL159 

ANSI ITEST  » 1 8 )  =  AN  S I I  TEST *14) /A A  TRIAL  160 

TRI AL161 

ANSWER  18  =  INITIAL  /  ALVEOLAR  ACETYLENE  TRIAL162 

TRI AL163 

ANSI ITEST  *19)  =  T2~T1  TRIAL164 

TRIAL165 

ANSWER  19  =  BREATH  HOLDING  TIME  TRIAL166 

TRI AL167 

ANSI ITEST *20 )=T02*A0?/B02  TRIAL 168 

TRIAL169 

ANSWER  20  =  ALVEOLAR  OXYGEN  CONCENTRATION  (F02)  TRIAL170 

TRIAL171 
TRI AL172 
TRI AL173 
TRIAL174 
TRIAL175 
TRI AL176 
TRI AL177 
TRI AL178 
TRIAL179 
TRI AL 180 
TRIAL181 
TRIAL182 
TR I AL 1 83 
TRIAL184 
AVGE)  TR I AL 185 
TRIAL186 
TRIAL187 
TR I AL 1 88 
TR  I  AL  189 
TRI AL190 
TR I AL 1 9 1 
TRIAL192 

ANSWER  28  =  DIFFUSING  CAPACITY  OF  THE  LUNG  FOR  CARBON  MONOXIDE  TRIAL193 

TR I AL 1 94 

DO  18  K= 1  ♦  2  TRI  AL 195 


ANSI ITEST *21 >=ANS{  I  TEST ♦ 20 ) * ANS ( 1 *3  >/100. 

ANSWER  21  =  PARTIAL  PRESSURE  OF  OXYGEN  (PA02) 

I  BOX  =  I BOX  +  1 

IF  I  IBOX/NTEST.FQ. 1 )  GO  TO  12 
GO  TO  10 
12  CONTINUE 
14  DO  16  1=1*1 TRYR 

ANS(8*20)=ANS(R*20) +ANS I  I *20) /TRYR 
ANSI  8*21 ) =  ANS (8*21 ) +ANS I  I  *  21 ) /TRYR 
16  ANS I  8 *24 )= ANS I  8  *24  5+ANS I  I *9) /TRYR 

ANSWER  8*24  =  AVERAGE  RESTING  ALVEOLAR  VOLUME  STPD  (VA  STPD 

DO  20  1  =  1*  I  TRYR 

ANSI  I*25)=ANS(8*?4)*6  0./ANS(  1*3) 

ANSI  I  *26 )= ANS I  I *25 ) /ANSI  I *19 ) 

ANSI  I  *27 )=ALOG( ANS (1*17)) 

ANSI  I  *28  )=ANS( I *26 )*ANSI I *27 ) 
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C 


S ( K )= ALOGIO ( ANS ( I ,K+14 )  )+S I K ) 

S(K+?)=ALOGlO( ANSI I *K+14) )**2+S(K+7 ) 

IB  S  (  K+4  )  =ANS  (  I  *]  9 )  *AL0G1  0  (  ANS  (  I  ,K+14>  >+S(K+4) 

5(7  )  =  ANS ( I *  1 9 ) +S ( 7 ) 

S  I  8  )  =  A  N  S  I  I*19)**2+S(8) 

20  CONTINUE 

ANS ( 8*20 )= ( SXYA*TRYR-SXA*SYA ) / ( SX2 A*TR YR-SX A**2 ) 

ANSWER  29  =  BETA  SLOPE  OF  CARBON  MONOXIDE  DISAPPEARANCE 

ANS (8*50 )=SYA/TRYR-ANS(8  *29 ) *SX A/TRYR 
ANS (8 *80) =10.** (ANS (8 *30) ) 

ANSWER  30  =  ALPHA  INTERCEPT  OF  CARBON  MONOXIDE  DISAPPEARANCE 

ANS (8 *31 ) =13816. /ANS ( 1*8) 

ANS ( 8*32  )=ANS(8  *81 )*<  ANS ( 8 ♦ 2 4 ) / 1000 . ) 

Y?A= ( ALOGIO ( ANS( 8  *80)  ) )  +  ( ANS ( 8  *29) *2. ) 

Yl 2A= ( ALOGl 0 ( ANS( 8  *80 )  )  )  + 1 ANS I  8  * 29 ) *1 2 . ) 

ANSI  8*33 )= ALOGIO ( 1 0 .**Y2 A/ 1 0 . **Y 1 2  A ) 

ANS( 8*28 )=ANS(8»32 )*ANS(8*33 ) 

ANSWER  8*28  =  DIFFUSING  CAPACITY  OF  THE  LUNG  FOR  CARBON  MONOXIDE 

ANS(8*34)=(SXYB*TRYR-SXB*SYB)/(SX2P*TRYR-SXB**2) 

answer  34  =  BETA  SLOPF  OF  ACETYLENE  DISAPPEARANCE 

ANS( 8*35 )=SYB/TRYR-ANS(8  *34 ) *SXB/TRYR 
ANS(8*35)=10.**(ANS(8*3S)) 

ANSWER  38  =  ALPHA  INTERCEPT  OF  ACETYLENE  DISAPPEARANCE 

ANS( 8*36 )  =  A  N  S  I 8  *24 ) /.768 
ANS( 8*37 )=ANS( 8  *38 )*100. 

ANSI  8 *38  )  =  ( 100./ ANS( 8*37) )-l . 

ANS ( 8  *  39  )  =760 • /ANS ( 1  *  3 ) 

ANS(8*40)=ANS(8*36)*ANS(8*38)*ANS( 8*39) 

ANSWER  40  =  TISSUE  VOLUME  OF  THE  LUNG  ( VT ) 

ANS ( 8*41 )=ANS(8»24)/(ANS(8»24)+.768*ANS(8*40> ) 

ANS ( 8  *42 )= ANS ( 8  *41 ) *. 740*ANS (1*3) 

ANSI  8*43 )= ANS (8 *24) *760. *60. 

DO  22  I = 1 ♦ I TR YR 

ANS(I*44)=ANS(8*43)/(ANS(8*42)*ANS(I»19)) 

ANSI  I *48 )=ALOG I ANS (8*41 )*ANS (1*18)) 

ANS (  I  ,46 )=ANS( 1*44) *ANS ( I *48 ) 

2  2  ANS ( 8 *46 )= ANS I  1*46  ) /TRYR+ANS ( 8*46 ) 


TRIAL196 
TRI AL197 
TRIAL198 
TRIAL199 
TRIAL200 
TRI AL201 
TRIAL202 
TRIAL203 
TRI AL204 
TRIAL205 
TRIAL206 
TRI AL207 
TRIAL208 
TRI AL209 
TRI AL210 
TRIAL211 
TRIAL212 
TRIAL213 
TRI AL214 
TRIAL215 
TRI AL216 
TRIAL217 
TRIAL218 
TRI AL219 
TRI AL220 
TRIAL221 
TRIAL222 
TRI AL223 
TRI AL224 
TRIAL225 
TRIAL226 
TRI  AL227 
TRI  AL228 
TRI  AL229 
TRI AL230 
TRIAL231 
TRIAL232 
TRIAL233 
TRIAL234 
TRIAL235 
TRIAL236 
TRI AL237 
TRIAL238 
TRIAL239 
TRIAL240 
TRI  AL241 
TRIAL242 
TRIAL243 
TRIAL244 
TRIAL245 
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ANSWER  46  =  PULMONARY  CAPILLARY  BLOOD  FLOW  -  CARDIAC  OUTPUT 

24  IF(ITRYX)  30*30*26 
26  K= ITRYR+1 

DO  28  I  =  K  *NTEST 

ANSI  I  *25 )= ANSI  I *9) *60. /ANSI  1*3) 

ANSI  I  *26 )= ANSI  I *26 ) /ANSI  I *19) 

ANSI  1*27) =AL0G I ANS I  1*17)) 

ANSI  I .28 )= ANS I  I *26 )* ANS I  1*27) 

ANSWFR  28  =  DIFFUSING  CAPACITY  OF  THE  LUNG  FOR  CARBON  MONOXIDE 

ANSI  I *41 )=ANS( I *9) / I  ANSI  I *9 )+.76P*ANS( 8  *40 ) ) 

ANSI  I *42 )= ANS I  I *41 ) *ANS I  I *27 ) 

ANSI  I *43 )=ANS( I » I  9 ) *760. *60. 

ANSI  I  *44  )= ANS I  I *43 ) / I ANS I  I *42 ) *ANS I  I  ♦  1 9  )  ) 

ANSI  1*45)  =  ALOG  I  ANS  I  I»4D*ANS(  I*  IB)  ) 

ANSI  I *46 )=ANSI  I *44 ) *ANS( I *45 ) 

ANSWFR  46  =  PULMONARY  CAPILLARY  BLOOD  FLOW  -  CARDIAC  OUTPUT 

2  8  ANSI  1*50)  =ANS I  1*46) /ANSI  1*6) 

ANSWER  50  =  CARDIAC  OUTPUT  /  WORK  LOAD 

3n  CONTINUE 
32  DO  34  I = 1 *NTFST 

ANSI  I *47 )= AN SI  I *46 ) /ANSI  I *5  ) 

ANSWFR  47  =  STROKE  VOLUME  (SV) 

ANSI  I  *48 )=ANS( I *47 ) /ANSI  8*7 ) 

ANSWFR  48  =  STROKE  INDEX  (SI) 

34  ANSI  I*49)=ANS(I*46)/ANS(8*7) 

ANSWFR  49  =  CARDIAC  INDEX  (Cl) 

ANS  I  8 *51 )  =  .01934*( ANS I  8 *2 )**3 ) 

ANSWFR  8*51  =  PREDICTED  TOTAL  LUNG  CAPACITY  (PTLO  FOR  MALES 
ANSI  8*53  )  =  25. -I  0.1 17* AGE) 

ANSWER  8*53  =  PREDICTED  DIFFUSING  CAPACITY  (PDLCO)  FOR  MALES 

GO  TO  I  38.36 ) * ISEX 
36  ANSI  8*51  )  =  . 01803*1 ANS(8*2)**3) 

C 


TRI  AL246 
TR I AL  247 
TRI AL248 
TRIAL249 
TRIAL250 
TRI  AL251 
TRIAL252 
TRI  AL253 
TRIAL254 
TRI  AL255 
TR I AL  256 
TRIAL257 
TRI AL258 
TRI  AL259 
TRI AL260 
TRI  AL261 
TRI AL262 
TRIAL263 
TRI  AL264 
TRI AL265 
TRIAL266 
TRIAL267 
TRIAL268 
TRI  AL269 
TRI AL270 
TRI  AL271 
TRIAL272 
TRI AL273 
TRIAL274 
TRIAL275 
TRIAL276 
TRIAL277 
TRIAL278 
TRI AL279 
TRI AL280 
TRI AL281 
TRIAL282 
TRI  AL283 
TRIAL284 
TRI AL285 
TRIAL286 
TRI AL287 
TRIAL288 
TRI  AL289 
TRI AL290 
TRI AL291 
TRIAL292 
TRIAL293 
TRI AL294 
TRI AL295 
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C 

C 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 


ANSWER  8*51  *  PREDICTED  TOTAL  LUNG  CAPACITY  (PTLC)  FOR  FEMALES 
ANSI  8 *88 )=15.5*ANS(8,7)-( . 117*AGE) -.5 

ANSWER  8*53  =  PREDICTED  DIFFUSING  CAPACITY  (PDLCO)  FOR  FEMALES 
38  ANSI  8  »  ^  2  )=ANS(  8  *81  )  *  .  1417 

ANSWER  8*5?  =  PREDICTED  TISSUE  VOLUME  (PVT) 

40  ANS(8»54)=ANS(8»7)*3100. 

ANSWER  8*54  =  PREDICTED  CARDIAC  OUTPUT 
48  CONTINUE 


ANSWER  8*1  =  WEIGHT 
ANSWER  8*?  =  HEIGHT 

ANSWER  3  =  RAROMFTRIC  PRESSURE  “  WATER  PRESSURE  (PR  -  PH20) 

ANSWER  4  =  STPD  FACTOR 

ANSWER  5  =  HEART  RATE 

ANSWER  6  =  EXERCISE  WORK  LOAD 

ANSWER  8*7  =  BODY  SURFACE  AREA  (RSA) 

ANSWER  8  =  INSPIRED  VOLUME  STPD  IVI  STPD) 

ANSWER  9  =  ALVEOLAR  VOLUME  (VA) 

ANSWER  10  =  RESIDUAL  VOLUME  STPD  (RV  STPD) 

ANSWER  11  =  RESIDUAL  VOLUME  RTPS  (RV  RTPS) 


TRI AL296 
TRIAL297 
TRIAL298 
TRIAL299 
TRIAL300 
TRIAL301 
TRIAL302 
TRIAL303 
TRI AL304 
TRIAL305 
TRIAL306 
TRIAL307 
TRIAL308 
TRI AL309 
TRIAL310 


5n 

IE  (ITARL)  66*66*52 

TRIAL311 

52 

WRITE(MX*105) 

TRIAL312 

DO  56  J  =  1  ,20 

TRIAL313 

IF  (J.GT.l)  GO  TO  54 

TRI AL314 

WR ITEIMX  *106 ) 

TRIAL315 

54 

WRIT F (MX  *104) J* I  ANSI  I »J) ♦ 1  =  1 ,4) 

TRIAL316 

56 

WR TTE(MX ,104) J,( ANS( I ♦ J) *1=5*8) 

TRIAL317 

WRITE (MX *105) 

TRI AL318 

DO  60  J=2 1 *40 

TRIAL319 

IF  (J.GT.21)  GO  TO  58 

TRIAL320 

WRITE (MX ♦ 106 ) 

TRIAL321 

58 

WRITE (MX *104) J* (ANS( I  * J) *1  =  1 *4) 

TRI AL322 

60 

WRITE (MX ,104) J, ( ANS( I , J) , 1=5  ,8 ) 

TRIAL323 

WR ITE ( MX  *105  ) 

TRI AL324 

DO  64  J=41 ,60 

TRIAL325 

IE  (J.GT.41)  GO  TO  62 

TRI  AL326 

WR ITE(MX  ,106 ) 

TRI AL327 

62 

WR ITEIMX ,104) J* (ANSI  I ♦ J) *1  =  1 *4) 

TRI  AL328 

64 

WRITE(MX,104)J, (ANS( I ,J) ,1=5,8) 

TRIAL329 

GO  TO  2 

TRI AL330 

66 

CALL  TRIAM 

TRIAL331 

GO  TO  2 

TRIAL332 

68 

STOP 

TRIAL333 

TRIAL334 
TRI AL335 
TRI AL336 
TRI AL337 
TRIAL338 
TRIAL339 
TRIAL340 
TRIAL341 
TRI AL342 
TRIAL343 
TRIAL344 
TRI AL345 
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c 

answer 

12  = 

ALVEOLAR  /  BAG  NEON 

TRI AL346 

c 

ANSWER 

1?  = 

INITIAL  CARBON  MONOXIDE  (CO  0) 

TRIAL347 

c 

ANSWFR 

14  = 

INITIAL  ACFTYLENE  (C2H2  0) 

TRIAL348 

c 

ANSWER 

1 5  = 

ALVEOLAR  /  INITIAL  CARBON  MONOXIDE 

TRIAL349 

c 

ANSWER 

16  = 

ALVEOLAR  /  INITIAL  ACETYLENE 

TRIAL350 

c 

answer 

17  = 

INITIAL  /  ALVEOLAR  CARRON  MONOXIDE 

TRI  AL351 

c 

ANSWER 

IP  = 

INITIAL  /  ALVEOLAR  ACETYLENE 

TRIAL352 

c 

ANSWER 

1°  = 

BREATH  HOLDING  TIME 

TRI AL353 

c 

ANSWER 

20  = 

ALVEOLAR  OXYGEN  CONCENTRATION  (F02) 

TRIAL354 

c 

ANSWER 

21  = 

PARTIAL  PRFSSURF  OF  OXYGEN  (l>A02) 

TRI AL355 

c 

ANSWER 

P  *24 

=  AVERAGE  RESTING  ALVEOLAR  VOLUME  STPD  (VA  STPD  AvGE 

)  TRIAL356 

c 

ANSWER 

25  = 

V  A*6  0  /  ( PR-47 ) 

TRIAL357 

c 

ANSWER 

26  = 

( VA*60/ (PR-47) ) /( 1 /TIME ) 

TRI  AL358 

c 

ANSWFR 

27  = 

NATURAL  LOG  OF  INITIAL  /  ALVEOLAR  CARBON  MONOXIDE 

TRIAL359 

c 

ANSWER 

28  = 

DIFFUSING  CAPACITY  OF  THE  LUNG  FOR  CARBON  MONOXIDE 

TRI AL360 

c 

ANSWER 

29  = 

RETA  SLOPE  OF  CARBON  MONOXIDE  DISAPPEARANCE 

TRI  AL361 

c 

answer 

•*0  = 

ALPHA  TNTFRCFPT  OF  CARRON  MONOXIDF  DISAPPEARANCE 

TRI  AL362 

c 

ANSWER 

P  *31 

=  13816  /  (PR-47) 

TRIAL363 

c 

ANSWER 

32  = 

( 138i6/(PB-47) )*VA  (IN  LITERS) 

TRIAL364 

c 

answer 

P  *33 

=  LOG  OF  THE  SLOPE  OF  CARBON  MONOXIDE  DISAPPEARANCE 

TRI AL365 

c 

ANSWER 

34  = 

BETA  SLOPE  OF  ACETYLENE  DISAPPEARANCE 

TRI AL366 

c 

answer 

35  = 

ALPHA  INTERCEPT  Of  ACETYLFNF  DISAPPEARANCE 

TR I AL  367 

c 

ANSWER 

P  *36 

*  VA/ALPHA  T 

TRIAL368 

c 

ANSWER 

8*37 

=  ACFTYLENE  INTERCEPT  EXPRESSED  AS  PERCENTAGE 

TRIAL369 

c 

answer 

P  *38 

=  ( ioo/acftylfne  intercept  in  percent)-i 

TRI AL370 

c 

ANSWER 

8*39 

=  760/ ( PR— 47 ) 

TRIAL371 

c 

ANSWER 

40  = 

TISSUE  VOLUME  OF  THE  LUNG  (VT) 

TRIAL372 

c 

answer 

41  = 

VA/ ( VA  +  ALPHA  T*T  I  SSUF  VOLUME) 

TRIAL373 

c 

ANSWER 

42  = 

ALPHA  B* ( VA/VA+ALPHA  T*VT)*(PR-47) 

TRIAL374 

c 

ANSWER 

43  = 

VA*760*60 

TRIAL375 

c 

answer 

44  = 

(VA*760*60  ) /ALPHA  B ( V A /VA+ALPHA  T*VT ) * ( PR-47 ) *B . H . T I 

METRIAL376 

c 

answer 

45  = 

NATURAL  LOG  ( (VA/VA+ALPHA  T*VT ) *  I N I T / AL V  ACFTYLENE) 

TRI AL377 

c 

answer 

46  = 

PULMONARY  CAPILLARY  BLOOD  FLOW  -  CARDIAC  OUTPUT 

TRI AL378 

c 

ANSWER 

47  = 

STROKE  VOLUME  (SV) 

TRI  AL379 

c 

ANSWER 

48  = 

STROKE  INDEX  (SI) 

TRIAL380 

c 

ANSWER 

49  = 

CARDIAC  INDEX  (Cl) 

TRI  AL381 

c 

ANSWER 

50  = 

CARDIAC  OUTPUT  /  WORK  LOAD 

TRIAL382 

c 

ANSWFR 

R  .51 

=  PREDICTED  TOTAL  LUNG  CAPACITY  (PTLC) 

TRI AL383 

c 

ANSWER 

8.52 

=  PREDICTED  TISSUE  VOLUME  (PVT) 

TRI AL384 

c 

answer 

8*53 

=  PRFDICTFD  DIFFUSING  CAPACITY  (PDLCO) 

TRI AL385 

c 

ANSWER 

R  *54 

=  PRFDICTFD  CARDIAC  OUTPUT 

TRIAL386 

c 

TRIAL387 

END 

T  R I AL  3  8  8 

SIBFTC  TRIAM  NOL I  ST ♦NOOFCK 

SUBROUTINE  TRIAM 
INTEGER  DATE ( 5 ) 

COMMON  DATE  *N  AME (  28  ) ♦ ANSI  8 *60) »MX*MY*NOSUR 
WR  I TE ( MX  » 1 98 ) 

198  FORMAT (  1  HI  ) 


TRIAM  1 
TRIAM  2 
TRIAM  3 
TRIAM  4 
TRIAM  5 


A 
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WR I  TE  ( MX »  200 ) 

200  FORMAT ( 1X*102HSI NGLE 


BREATH  TECHNIQUE  TO  OBTAIN  DIFFUSING 


TRIAM  6 
CAPACITYTRIAM  7 


1  OF  LUNG  FOR  CO  AND  PULMONARY  CAPILLARY  BLOOD 

FLOW  ) 

TRIAM 

8 

WRITF(MX  *201 ) (NAME ( I )  *  1  =  1 *28 )  * (DATE ( I )  »  1  =  1 *5 ) 

TRIAM 

9 

201  FORMAT  (  IX*  8  HD  AT  A  OF  ♦  28A  2  ♦  6HT  A.KEN  *5A  ?) 

TRIAM 

10 

WRITE(MX*202)  ANS ( 8  »  7 ) 

TRIAM 

11 

202  FORMAT ( 1 X *22HBODY  SURFACE  AREA  (BSA)*96X 

TRIAM 

12 

1 

»  F 1  2  • 

4) 

TRIAM 

13 

WRITE (MX *203)  ( A  N  S ( I ,8 ) ,1  =  1 *7) 

TRIAM 

14 

20R  FORMAT ( 1 X  ,30HINSPIRED  VOLUME  STPD  (VI  STPD) 

TRIAM 

15 

1 

* 

/7 ( F 1 2 • 4  )  > 

TRIAM 

16 

WR  I TF ( MX ♦ 204 ) ( ANS ( I ,9 ) , I  =  1 *7 ) 

TRIAM 

17 

204  FORMAT ( IX  ,30HALVF0LAR  VOLUMF  STPD  ( VA  STPD) 

TRIAM 

18 

1 

, 

/  7  (  F 1 2  •  4  )  ) 

TRIAM 

19 

WRITE (MX *205) (ANS (8, 24) ) 

TRIAM 

20 

205  FORMAT( 1 X *5 1 HAVERAGE  RESTING  ALVEOLAR  VOLUME 

STPD 

(VA  STPD  A VGE ) 

,6TRIAM 

21 

18X 

»F12. 

4) 

TRIAM 

22 

WRITE (MX *206 ) ( ANSI I*10)*I=1,7) 

TRIAM 

23 

206  FORMAT ( 1 X *35HRESI DUAL  VOLUME  STPD  ( RV  STPD  NEON) 

TRIAM 

24 

1 

9 

/7 ( F 12 • 4  )  > 

TRIAM 

25 

WRITF(MX*207) ( ANS( I ,11 ) » 1=1 *7) 

TRIAM 

26 

207  FORMAT  (  1  X  *35HRESIDUAL  VOLUMF  pTPS  (  RV  BTI’S  NF ON  ) 

TRIAM 

27 

1 

9 

/7 ( F 1 2  •  4  )  > 

TRIAM 

28 

WRITE (MX, 208) (ANS( I, 13), 1=1, 7) 

TRIAM 

29 

208  FORMAT ( IX ,30HINITIAL  CARpON  MONOXIDE  (CO  0) 

TRIAM 

30 

1 

9 

/7 ( F 1 2 •  4  )  ) 

TRIAM 

31 

WR  ITF(MX  ,209  HANS  (1, 14), 1  =  1,7) 

TRIAM 

32 

20o  FORMAT! 1X,26HINITIAL  ACETYLENE  (C2H2  0) 

TRIAM 

33 

1 

9 

/71F12.4) > 

TRI  AV 

34 

WRITE (MX, 210) ( ANS( I *15 ) *1=1 ,7) 

TRIAM 

35 

210  FORMAT ( IX ,34HALVE0LAR  /  INITIAL  CARBON  MONOXIDE 

TRIAM 

36 

1 

9 

/7 ( F 12 •  4  )  ) 

TRIAM 

37 

WR ITE ( MX ♦ 2 1 1 ) ( ANS (I, 16), 1=1, 7) 

TRIAM 

38 

211  FORMAT ( 1X»28HALVF0LAR  /  INITIAL  ACETYLENE 

TRIAM 

39 

1 

9 

/  7  (  F 1  2  •  4  )  ) 

TRIAM 

40 

WRITF(MX ,?12) ( ANS( I ,19) , 1=1 ,7) 

TRIAM 

41 

212  FORMAT ( IX, 19HBREATH  HOLDING  TIME 

TRIAM 

42 

1 

9 

/7( F12.4 ) ) 

TRIAM 

43 

WRITF(MX»213)(ANS{8*?0)*(ANS(I»20)»I=1»7)) 
*35HALVF0LAR  OXYGEN  CONCENTRATION 


213  FORMAT ( 1 X 
1 

WR  ITFIMX , 

214  FORMAT ( IX 
1 

WRITFIMX* 
2  IS  FORMAT ( 1 X 
1  LCO ) *6?X 
WR  I  TF ( MX  , 
216  FORMAT ( 1 X 
1 


(  F02  )  ♦  84 X 

»F12.4/7(F12.4)  > 

214 )  (  ANS (8*21)* ( ANS (I»21)*I=1»7)) 

, 3 7HP A RT I AL  PRFSSURE  OF  OXYGFN  (Pa02),86X 

*F12.4/7(F12.4)  > 

218  H  ANSI  8  *28 )*(ANS(I,?B)»I®1,7)) 

» 5  7HD I FFUS I NG  CAPACITY  OF  THE  LUNG  FOR  CARBON  MONOXIDE 

♦F12.4/7IF12.4) > 

216)  (ANS (8*29) ) 

♦43HRETA  SLOPE  OF  CARBON  MONOXIDE  D I SAPPEAR ANCF » 76X 

♦  F 1  2  •  4  ) 


TRIAM 

TRIAM 

TRIAM 

TRIAM 

TRIAM 

TRIAM 

TRIAM 

(DTRIAM 

TRIAM 

TRIAM 

TRIAM 

TRIAM 


44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 


A 


■»  Y'1  f,  I  '  }  •/••••  -,j>  \  O')  >1.)  ’  30  • 


J  '  .  i  .  r  r.c 

-T ♦  (  .ni  Pf^.XM  T!  34 
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WRITF(MX»217) (  A  N  5  ?  8  »  3  0 ) ) 

217  FORMAT? 1X,4RHALPHA  INTERCEPT  OF  CARBON  MONOXIDE  D I S APPE AR ANC E *  71 X 
1  *  F 1 2  •  4  ) 

WRITE  (MX  AIRMANS?  8  *34)  ) 

2 1 P  FORMAT? 1X,37HBETA  SLOPF  OF  ACFTYLENE  D I SAPPE ARANCE , R 2X 
1  »  F 1  2  •  4  ) 

WRITF(MX*21°)  (  A  N  S  (  8  *  3  5  )  ) 

219  FORMAT ( 1X»42HALPHA  INTFRCEPT  OF  ACETYLENE  D I S APPE AR ANCE , 77 X 

1  ,  F 1 2  •  4  ) 

WRITE (MX *220) ( ANS (8*40) 1 

220  FORMAT ( IX ♦ 30HT I SSUE  VOLUME  OF  THE  LUNG  (VT),89X 

1  ♦  F 1  2  •  4  ) 

WR I T F ( MX  »  22 1  )  ? ANS ( 8 ,46) * ( ANS (  I  *46  )  *  I  =  1 *7  )  ) 

221  FORMAT? IX, 35HPULMONARY  CAPILLARY  BLOOD  FLOW  (QC),84X 
1 

WRITE (MX ,222) ? ANS? I ,47) , 1=1 »7) 

222  FORMAT ( 1 X,1RHSTR0KE  VOLUME  (SV) 

1 

WR ITF?MX*223)( ANS? I, 48), 1=1, 7) 

223  FORMAT ( 1 X, 17HSTR0KE  INDEX  (SI) 

1 

WR  ITF(MX  ,224) ( ANSI  I *49) *1  =  1 *7) 

224  FORMAT? IX, 1RHCARDIAC  INDFX  (Cl) 

1 

WRITF?MX ,225 ) ( AN  9? I ,8  0) ♦ 1  =  1 ,7) 

225  FORMAT? IX, 35HCARDIAC  OUTPUT  /  WORK  LOAD 
1 

WR ITF(MX ,226)  (ANS (8, 51  )  ) 

226  FORMAT? IX, 36HPREDICTED  TOTAL  LUNG  CAPACITY  (PTLC),83X 

1  ♦  F 1  2  •  4  ) 

WRITF?MX,227)(ANS(8,52)) 

227  FORMAT? IX, 29HPREDICTFD  TISSUE  VOLUME  (PVT),90X 

1  » F 1  2  •  4  ) 

WRITF(MX,22R)(ANS?8,S3)) 

228  FORMAT? IX, 37HPREDICTED  DIFFUSING  CAPACITY  ( PDL  CO),82X 

1  ,  F  1  2  •  4  ) 

WRITE (MX  ,229)  (ANS (8,5 4)  ) 

P20  FORMAT? IX, 30HPREDICTFD  CARDIAC  OUTPUT  (PC0),R9X 

1  » FI  2 • 4 ) 

RETURN 

FND 


»F12.4/7(F12.4) > 
/7  ?  F 1 2 • 4  )  ) 
/7 ( F 1 2 • 4  )  > 
/7  ?  FI  2 • 4 )  > 
/7  ?  F 1 2  •  4  )  ) 


tri  am 
triam 

TRI  AM 
TRIAM 

triam 

TRIAM 

TRIAM 

TRIAM 

triam 

TRIAM 

triam 

TRIAM 

triam 

TRIAM 

TRIAM 

TRIAM 

TRIAM 

TRIAM 

triam 

TRIAM 

triam 

triam 

TRIAM 

TRIAM 

triam 

triam 

TRIAM 

TRIAM 

TRIAM 

TRIAM 

triam 

triam 

TRIAM 

triam 

triam 

TRIAM 

triam 

triam 

triam 

TRIAM 
TRI  A'' 


56 

57 

58 

59 

60 
61 
62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 
81 
82 

83 

84 

85 

86 

87 

88 

89 

90 

91 

92 

93 

94 

95 

96 


SENTRY 
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APPENDIX  F 


SAMPLE  DATA  OUTPUT 


*  XIOMH^qA 


r 

1 

1 

2 

2 

3 

3 

4 

4 

5 

3 

6 

6 

7 

7 

8 

8 

9 

9 

10 

10 

1  1 

1  1 

12 

12 

13 

1  3 

14 

14 

15 

15 

16 

16 

17 

17 

18 

IK 

1  9 

19 

20 

2  0 
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0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 14000000E 

03 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0.6  7500000  E 

02 

0. 650CCC0CE 

03 

0.650000 00 E 

03 

0. 65000000E 

03 

0.650000006 

03 

0.650C0G00E 

03 

0.65000000E 

03 

0.65000000E 

03 

0. 

0.8160CC0CE 

00 

0.8 16C0000E 

00 

0. 81600000E 

00 

0.816000006 

00 

0.8160C000E 

00 

0.81 600000E 

00 

0. 81 600000E 

00 

0. 

0- 7C0CCC0CE 

02 

0. 66000000E 

02 

0.850000006 

02 

0.87  OOCOOOE 

02 

0.1 17CCC00E 

03 

0. 14200000E 

03 

0. 1610000 0E 

03 

0. 

0. 

0. 

0. 

0. 

0.600C0C006 

03 

0. 8CC00000E 

03 

0.  1 OOOOOOOE 

04 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 174705466 

01 

0.271  56480E 

04 

0.273033606 

04 

0.27148 32 OE 

04 

0.271564806 

04 

0. 27172 80GE 

04 

0.271401  60 E 

04 

0.271 56480E 

04 

0. 

0.403C9040E 

04 

0.4C531655E 

04 

0.41 62398  3E 

04 

0.409623576 

04 

0.40658057E 

04 

0.4093  72 30  E 

04 

0 . 40  309040E 

04 

0. 

0.1315255  9  E 

04 

0.1 3228295E 

04 

0. 14475663E 

04 

0. 138058776 

04 

0.13485257E 

04 

0. 13797070E 

04 

0. 13152559E 

04 

0. 

0. 159145976 

04 

0.160062366 

04 

0.1 7515553E 

04 

0.16705  lilt 

04 

0. 16317160b 

04 

0. 1 66944  54  E 

04 

0. 15914597E 

04 

0. 

0.65979 3 81E 

00 

0.659  79381 E 

00 

0.63917525E 

00 

0.649484536 

00 

0.6546391 7E 

00 

0.649484536 

00 

0.6597938  16 

00 

0. 

0. 1 1 348453E 

03 

0. 1 13404536 

03 

0. 10993b 146 

03 

0.11 1/11346 

03 

0. 11259794E 

03 

0.111711  34  E 

03 

0. 1 1348453E 

0  3 

0. 

0.67  29896HE 

07 

0. 67298968 E 

02 

0.651958756 

02 

0.662474226 

02 

0.66773196E 

02 

0.6624  7422  E 

02 

0.672989686 

02 

0. 

0.8  1068  31  5t 

00 

0.810683156 

00 

0. 54576144E 

00 

0.528146926 

00 

0.692 7 3 02 8E 

00 

0.680  32485  E 

00 

0.660883006 

00 

0. 

0. 83210785E 

00 

0. 832  10785E 

00 

0. 736242896 

00 

0.7  3210397  E 

00 

0.79373167E 

00 

0. 76984128E 

00 

0. 742953436 

00 

0. 

0. 12335275E 

01 

0. 12335275E 

01 

0. 183230246 

01 

0.189341256 

01 

0. 14435633E 

01 

0. 1 46988606 

01 

0.1513  127  IE 

01 

0. 

0. 12017673E 

01 

0.120176736 

01 

0. 13582474E 

01 

U.  1  3  6  5  9  2  6  2  E 

01 

U .  12598  716E 

01 

0. 129896906 

01 

0. 1  3 4 5 9  7 9 4 E 

01 

0. 

0.350C0CC0E 

0  1 

0. 36500000E 

01 

0. 10  44000  GE 

02 

0.1 071000 OF 

02 

0. 3550lCC06 

01 

0. 34800000 E 

01 

0. 346000006 

01 

0. 

0 . 1  5  1  7  7  r,  7  9  E 

02 

0. 149890 9 It 

02 

0 . 1 4919697E 

02 

0. 1505b4doE 

02 

U  .  1  5  1  9  /  3  7  •.  6 

02 

0. 14989091 t 

02 

0. 151278 7 9t 

02 

0. 15023788E 

02 

)  3  .0 

* 

d 

.  y 

a 

.  t 

21 

21 

22 

22 

23 

23 

24 

24 

25 

23 

26 

26 

27 

27 

2b 

28 

29 

29 

30 

30 

31 

31 

32 

32 

33 

33 

34 

34 

35 

35 

36 

36 

37 

37 

38 

38 

39 

39 

40 

40 


120 


0.98  33121  IE 

02 

0.974290 89 E 

02 

0 . 969  7  802  86 

02 

0. 978801 50E 

02 

0.987822716 

02 

0.97429089E 

02 

0.98  33121  IE 

02 

0.976546196 

02 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 408567  59E 

04 

0.377139 3  IE 

03 

0.377139316 

03 

0. 37713931E 

03 

0.377139316 

03 

0.37530513E 

03 

0.37788212E 

03 

0. 37208344E 

03 

0. 

0. 10775409E 

03 

0. 10332584E 

03 

0. 36124454E 

02 

0. 352137 54E 

02 

0. 1057  197 5E 

03 

0.1 0858681 E 

03 

0. 1075385 6E 

03 

0  . 

0.20987798E 

00 

0.209877986 

00 

0 . 6055  73  3  06 

00 

0.63838077E 

00 

0.3671  14566 

00 

0. 38518487E 

00 

0.4141 7845E 

00 

0. 

0.2261521  IE 

02 

0.21685818E 

02 

0. 2187600 5E 

02 

0.224  797  83E 

02 

0.3881  126  IE 

02 

0. 41825999 E 

02 

0. 44540 1 56E 

02 

0.2221592  7E 

02 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

-0. 255818286 

-01 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0.100082106 

01 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0.212553856 

02 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0.8684261  IE 

02 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0.255818286 

00 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

-0. 776813806 

-02 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0.887049506 

00 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0.531969046 

04 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0.887049506 

02 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 127332796 

0  0 

c. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 1  1692  3086 

01 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 792032826 

03 

. 
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41 

0. 

0. 

41 

0. 86986095E 

00 

0.8  7063363E 

42 

0. 

0. 

42 

0.31933862E 

00 

0 • 3  35  35490E 

43 

0. 

0. 

43 

0. 1618800CE 

06 

0.1 5868800E 

44 

0. 12714253E 

06 

0. 12191 749E 

44 

0. 14279513E 

06 

0.135975356 

45 

0.4500441  IE- 

■01 

0.45004411E- 

45 

0.91587909E- 

•01 

0. 12303687E 

46 

0.57219744E 

04 

0. 54868247E 

46 

0.1 3078307E 

05 

0. 16729981E 

47 

0.81742492E 

02 

0. 83133708 E 

47 

0. 11  178040E 

03 

0. 1 1781677E 

46 

0.46788746E 

02 

0.47585066E 

48 

0.63982205E 

02 

0.67437372E 

49 

0 . 32752  122E 

04 

0. 31406144E 

49 

0.74859181E 

04 

0.95761068E 

50 

0. 

0. 

50 

0.2179  7179E 

02 

0.20912477E 

51 

0. 

0. 

51 

0. 

0. 

52 

0. 

0. 

52 

0. 

0. 

53 

0. 

0. 

53 

0. 

0. 

54 

0. 

0. 

54 

0. 

0. 

55 

0. 

0. 

55 

0. 

0. 

56 

0. 

0. 

56 

0. 

0. 

57 

0. 

0. 

57 

0. 

0. 

58 

0. 

0. 

58 

0. 

0. 

59 

0. 

0. 

59 

0. 

0. 

60 

0. 

0. 

60 

0. 

0. 

0. 

0. 

0.86 88818 9E 

00 

0.87041 185E 

00 

0. 

0. 

0.35987215E 

00 

0.41 8668 1 OE 

03 

0. 

0. 

0. 15777600E 

06 

0. 1  8630682E 

09 

0.42  6244 1 0E 

05 

0.41 549845E 

05 

0. 12671167E 

06 

0. 

0. 1 6  74064 OE 

00 

0.173043956 

00 

0. 15657382E 

00 

0. 

0.71 355990E 

04 

0.718994906 

04 

0. 19839729E 

05 

0.63835868E 

04 

0.83948224E 

02 

0.82643092E 

02 

0. 12322813E 

03 

0. 

0.48 05128 96 

02 

0.4  7304242E 

02 

0. 70534792E 

02 

0. 

0.40843596E 

04 

0.41154691E 

04 

0.1 1 356101E 

05 

0. 

0. 

0. 

0. 19839729E 

02 

0. 

0. 

0. 

0. 

0. 59479565E 

04 

0. 

0. 

0. 

0.842825446 

03 

0. 

0. 

0. 

0.21  244300E 

02 

0. 

0. 

0. 

0. 54158691E 

04 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0  . 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

00 

00 

06 

06 

06 

01 

00 

04 

05 

02 

03 

02 

02 

04 

04 

02 
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